
Probing Single Cell Gene Expression in
Tissue Morphogenesis and Angiogenesis

Item Type text; Electronic Dissertation

Authors Wang, Shue

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:12:25

Link to Item http://hdl.handle.net/10150/560919

http://hdl.handle.net/10150/560919


1 

 

 

 

 

 

 

PROBING SINGLE CELL GENE EXPRESSION IN 

TISSUE MORPHOGENESIS AND ANGIOGENESIS 

 
 

by 
 

 

Shue Wang 

 
 
 

__________________________ 
Copyright © Shue Wang 2015  

 
 
 

A Dissertation Submitted to the Faculty of the 

 
 

DEPARTMENT OF AEROSPACE AND MECHANICAL ENGINEERING 

 
 

In Partial Fulfillment of the Requirements 

 

For the Degree of 

 
 

DOCTOR OF PHILOSOPHY 

WITH A MAJOR IN MECHANICAL ENGINEERING 
 
 

In the Graduate College 

 

 

THE UNIVERSITY OF ARIZONA 
 
 
 
 

2015 

 

 



2 

 

 

 
THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

 

As members of the Dissertation Committee, we certify that we have read the dissertation 

prepared by Shue Wang, titled Probing Single Cell Gene Expression in Tissue Morphogenesis 

and Angiogenesis and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of Doctor of Philosophy. 

 
 

_______________________________________________________________________ Date: 5/12/2015 

Pak Kin Wong  

   

 

_______________________________________________________________________ Date: 5/12/2015 

Yitshak Zohar    

 

    

_______________________________________________________________________ Date: 5/12/2015 

Xiaoyi Wu 

   

 

_______________________________________________________________________ Date: 5/12/2015 

Donna Zhang   

    

 

Final approval and acceptance of this dissertation is contingent upon the candidate’s submission 

of the final copies of the dissertation to the Graduate College.   

 

I hereby certify that I have read this dissertation prepared under my direction and recommend 

that it be accepted as fulfilling the dissertation requirement. 

 

 

________________________________________________ Date: 5/12/2015 

Dissertation Director:  Pak Kin Wong     

 

 

 

 

 

 



3 

 

 

 

 

 

STATEMENT BY AUTHOR 

 
This dissertation has been submitted in partial fulfillment of the requirements for an 

advanced degree at the University of Arizona and is deposited in the University Library 

to be made available to borrowers under rules of the Library. 

 

Brief quotations from this dissertation are allowable without special permission, provided 

that an accurate acknowledgement of the source is made.  Requests for permission for 

extended quotation from or reproduction of this manuscript in whole or in part may be 

granted by the copyright holder.  

 

 

 

 

SIGNED: Shue Wang 

 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 



4 

 

 

ACKNOWLEDGEMENTS 

First of all, I would like to thank my advisor, Prof. Pak Kin Wong, for his intelligent 

guidance and support in the last three years during my graduate career.  I felt very happy 

and lucky to join Systematic Bioengineering Lab and learnt much about how to be a 

researcher.  I would like to thank all the lab members, Dr. Reza Riahi, Dr. Yongliang Yang, 

Dr. Jian Sun, Dr. Yuan Xiao, Dr. Zach Dean, Nima Jamilpour, Tingting Liu and Yi Lu for 

their suggestions and opinions.  Thanks for all the help!  I would like to thank AME staff: 

Jini, Andrew and Edie for their help over the last three years.  

I would like to thank my minor advisor, Prof. Donna Zhang, for her generosity and letting 

me do a rotation at her lab.  Thanks to Min Long and Shasha Tao for their help with animal 

protocols.   I would like to thank all the committee members: Prof. Donna Zhang, Prof. 

Yitshak Zohar, and Prof. Xiaoyi Wu.   

I would like to thank my parents for all their help and support during my graduate study.  

Special thanks to my boyfriend, Peter Tamas Munz, for his consistent support and 

encouragement during these graduating days.    

 

 

 

 

 

 

 



5 

 

TABLE OF CONTENTS  

LIST OF FIGURES .................................................................................................................................... 8 

LIST OF TABLES .................................................................................................................................... 14 

NOMENCLATURE ................................................................................................................................... 15 

Abstract .................................................................................................................................................... 17 

CHAPTER 1 INTRODUCTION .............................................................................................................. 20 

1.1 Notch signaling pathway ........................................................................................................... 22 

1.2 Notch signaling on angiogenesis: the tip/stalk selection ................................................ 24 

1.3 Scope of dissertation ................................................................................................................. 26 

1.4 Outline of dissertation ............................................................................................................... 27 

CHAPTER 2 METHODOLOGY ............................................................................................................. 29 

2.1 LNA general design guidelines................................................................................................ 29 

2.2 Locked Nucleic Acid (LNA) probe design ............................................................................. 30 

2.3 Preparation of gold nanoparticles .......................................................................................... 31 

2.4 Cell culture .................................................................................................................................... 32 

2.5 Cell viability................................................................................................................................... 32 

2.6 Internalization of GNPs and GNRs .......................................................................................... 33 

2.7 Test tube experiment .................................................................................................................. 33 

2.8 Capillary – like network formation assay .............................................................................. 34 

2.9 Mouse retina and cornea dissection assay .......................................................................... 34 

2.10 Immunofluorescence staining protocol .............................................................................. 36 

2.11 Single cell mRNA gene detection in mice retina and cornea tissue............................ 38 

2.12 Imaging and data analysis ...................................................................................................... 38 

CHAPTER 3 COMPARISON OF GNP-LNA PROBE AND GNR-LNA PROBE ............................ 40 



6 

 

3.1 Characterization of GNP and GNR .......................................................................................... 41 

3.2 Equilibrium analysis of molecular dynamics ....................................................................... 43 

3.3 Cell viability................................................................................................................................... 47 

3.4 Internalization of GNP and GNR .............................................................................................. 49 

3.5 Single cell intracellular mRNA gene detection .................................................................... 50 

3.6 Summary ........................................................................................................................................ 53 

CHAPTER 4 SINGLE CELL mRNA ANALYSIS DURING CAPILLARY MORPHOGENESIS .. 55 

4.1 Single cell mRNA detection in living cells and tissues ..................................................... 55 

4.2 Collective cell behaviors in vascular morphogenesis ....................................................... 57 

4.3 Investigation of genotypic behaviors of three different types of cells ......................... 61 

4.4 Intracellular Dll4 mRNA level determines EC roles during in vitro angiogenesis ..... 66 

4.5 Regulation of capillary morphogenesis during in vitro angiogenesis .......................... 68 

4.6 Summary ........................................................................................................................................ 74 

CHAPTER 5 MECHANOREGUALTION AND MECHANOTRANSDUCTION OF TISSUE 

MORPHOGENESIS ................................................................................................................................. 76 

5.1 Mechanical perturbation for probing tissue morphogenesis .......................................... 76 

5.2  Rho kinase activity ..................................................................................................................... 80 

5.4 Mechanoregulation of tissue morphology through Notch pathway .............................. 82 

5.5 Inhibition of Rho Kinase Mediate Notch Signaling pathway............................................ 87 

5.6 Rho kinase activity negatively regulate Dll4-Notch lateral inhibition by mediating 

Notch pathway .................................................................................................................................... 92 

5.7 Mechanoregulation and mechanotransduction of tissue morphogenesis .................. 93 

5.8 Summary ........................................................................................................................................ 99 

CHAPTER 6 FUTURE WORK ............................................................................................................. 102 

6.1 Application of GNR-LNA sensor for studying wound healing ...................................... 102 

6.2 Next steps .................................................................................................................................... 105 



7 

 

ACKNOWLEDGEMENTS .................................................................................................................... 107 

Appendix I .............................................................................................................................................. 108 

References ............................................................................................................................................. 109 



8 

 

 

LIST OF FIGURES 

Figure 1  (a) and (b) are UV-vis-NIR absorption spectrum of GNP and GNR, 

respectively.  (c) and (d) are the relative absorption spectrum of GNP and 

GNR with different concentrations.   ………………………………………42 

Figure 2  (a) Simulation results and test tube result of equilibrium analysis of GNR-

LNA probe, and (b) equilibrium analysis of GNP-LNA probe.  (c) and (d) 

Evaluation of the donor-to-GNR and donor-to-GNP ratio.  The equilibrium 

concentration of free fluorophore determined by equilibrium analysis and 

experiments.  (c) is the normalized fluorophore intensity versus donor-to-

GNR ratio, and (d) is the normalized fluorophore intensity versus donor-to-

GNP ratio……………………………………………………………………….45 

Figure 3 Cell viability comparison of GNPs and GNRs.  (a) shows the cell viability of 

HUVECs after incubation with GNPs and GNRs with different 

concentrations, (b) shows the cell viability of HUVECs after incubation with 

GNPs and GNRs with different surface area………………………………..48 

Figure 4 Internalization of GNPs and GNRs. (a) shows internalization of GNPs and 

GNRs over time.  (b) shows the internalization of GNPs and GNRs at 

different Au concentration. …………………………………………………..50 

Figure 5 (a) and (b) are bright filed and fluorescence images of HUVECs with β-actin, 

Dll4, and random probe.  (c) Mean fluorescence intensity of GNR-based β-

actin, Dll4, and random probe over time.  (d) Mean fluorescence intensity of 

GNP-base β-actin, Dll4, and random probe over time. …………………….52 



9 

 

Figure 6 GNR-LNA for single cell gene expression analysis in cells and tissues.  (a) 

Working principle of the GNR-LNA.  (b) Endocytic uptake of the GNR-LNA 

probe by individual cells.  (c) Dll4 mRNA gene expression in HUVECs, mice 

retina tissue, and mice cornea tissue, respectively. ……………………….56 

Figure 7 Dynamic process of capillary-like structure formation.  (a) bright field and 

fluorescence field image series of CLS formation process.  Scale bar: 400 

μm.  Fluorescence signal showed the β-actin mRNA expression over time.  

(b) The morphology changes of three different types of cells over time.  (c)  

Tracking of morphology changes of three representative cells over the time 

course of CLS formation. ……………………………………………..……..60 

Figure 8 (a) Fluorescence image series of Dll4 mRNA expression dynamics over 

time during CLS formation.  (b-d) Dll4 mRNA expression dynamics of two 

representative aggregating cells, two sprouting cells and two elongating 

cells, respectively.  (e) Comparison  of Dll4 mRNA expression of three 

different types of cells during CLS formation. …………………….……….64 

Figure 9 Fluorescence image series random probe dynamics over time during CLS 

formation.  (b-d) Fluorescence intensity of random probe for two 

representative aggregating cells, two sprouting cells and two elongating 

cells, respectively.  (e) Comparison of fluorescence intensity of random 

probe in three different types of cells during CLS formation…………..….65 

Figure 10  (a-c) Dll4 mRNA expression levels of the aggregating cell, sprouting cell 

and elongating cell, respectively.  (d-f) showed the histogram of Dll4 mRNA 

expression of aggregating cells, sprouting cells and elongating cells. ….67 



10 

 

Figure 11  (a-d) Bright and fluorescent field images of capillary-like networks with the 

treatment of control, DAPT and Jagged1 at the time point of 4 hour, 8 hours, 

12 hour and 16 hour, respectively.  (e) Cell viability comparison in cells with 

and without GNRs over time.  (f) Mean chord length comparison over time 

in three different treatments at different time points.  (g) Mean fluorescent 

intensity comparison of Dll4 mRNA expression in capillary networks with 

three different treatments.  (h) Mean fluorescent intensity comparison of 

random in capillary networks with three different treatments…………..70 

Figure 12  (a) Histogram of fluorescent intensity distribution of random probe in 

endothelial cells with the treatments of control, DAPT and Jagged1.  (b) 

Histogram of Dll4 mRNA expression in endothelial cells with the treatments 

of control, DAPT, and Jagged1.  (c) Cumulative probability of random probe 

expression and Dll4 mRNA gene expression comparison with the 

treatments of control, DAPT, and Jagged1.  (e) Two peaks distribution of 

random probe intensity in capillary networks with three different treatments.  

(e) Two peaks distribution of Dll4 mRNA expression in capillary networks 

with three different treatments……………………………………………..72 

Figure 13  (a) Capillary-like networks comparison with the treatment of Y27632, 

blebbistatin, nocodazole and calyculin-A. (b) Dll4 and Notch1 mRNA gene 

expression in capillary-like networks with different treatment.  (c) Mean 

chord length comparison of networks with different treatment.  (d) Dll4, 

Notch1, Random expression comparison with different treatments. ……85 



11 

 

Figure 14 The comparison of retinal vascular structures with treatment of Y-27632, 

DAPT, Jag1, Y-27632 and DAPT, and Y-27632 and Jag1.  (a-b) showed 

the retina blood vessel structures stained with Isolectin B4 with 

magnification 4x and 20x, respectively.  (c) showed the quantified results of 

branch points, vessel density, and sprouts per field with the treatment of Y-

27632, DAPT, and combination of Y-27632 and DAPT.  (d) showed the 

quantified results of branch points, vessel density, and sprouts per field with 

the treatment of Y-27632, Jag1, and combination of Y-27632 and DAPT.  

Field size: 1mm * 1mm. ……………………………………………………..90 

Figure 15 Pharmlogical regulation of tip cell formation via Notch pathway with the 

treatments of Rho kinase inhibitor Y-27632,  ɣ- secretase inhibitor DAPT 

and Jag1 peptide. (a) the distribution of Dll4 expression in retina blood 

vessel.  (b) the distribution of Dll4 expression in tip and stalk cells in 

sprouting retina blood vessel. (c) Comparison of mean intensity of Dll4 

expression with different treatments.  (d) Comparison of tip cell intensity of 

Dll4 expression with different treatments.  (e) Comparison of stalk cell 

intensity of Dll4 expression with different treatments.  Error bars, SD, *, 

P<0.05, **, P<0.001, ***, P<0.0001………………………………………….91 

Figure 16 Photothermal ablation of single cells in capillary-like network with the 

treatment of Y-27632, Nocodazole, Jag1.  (a) Image series showing laser 

ablation of single cell in capillary-like network formation with the treatments 

of Y-27632, Nocodazole, and Jag1, scale bar, 50 μm.  (b) Six group of bright 

field images showing induced filopodia and tip cells after laser thermal 



12 

 

ablation.  (c) Quantified results of ablation length per pulse.  (d) Comparison 

of induced filopodia per 1 mm tube length in these six groups. (e) 

Comparison of induced tip cells per 1 mm tube length in these six groups.  

Error bars, SD, *, P<0.05, **, P<0.001, ***, P<0.0001. …………………95 

Figure 17  (a) Dll4 mRNA and Notch1 gene expression comparison before and after 

injury, Random as negative control.  (b) Dll4 mRNA expression comparison 

before and after injury, with the treatment of Y-27632, Nocodazole, and 

Jag1, respectively.  (c) Quantified results of Dll4 mRNA, Notch1 mRNA, and 

Random expression before and after injury.  Comparison of Dll4 mRNA 

expression in juried area, the Dll4 mRNA expression ratio in 

injuried/unjunired area with the treatments of Y-27632, Nocodazole, and 

Jag1. Scale bars, 50 μm.  Error bars, SD, *, P<0.05, **, P<0.001, ***, 

P<0.0001……………………………………………………………………….97 

Figure 18 GNR-LNA probe for Dll4 mRNA detection after injury. (a) Dll4 expression 

in mouse cornea tissue. (a-1) without scratch, (a-2) with scratch.  (b) Dll4 

expression in mouse cornea tissue with treatment of Y-27632. (b-1) 

without scratch, (b-2) with scratch.  (c) fluorescence image series of living 

mouse cornea tissue without injury.  (d) fluorescence image series of living 

mouse cornea tissue after physical scratch.  Scale bar: 20 µm. (e)  Mean 

fluorescence intensity of Dll4 expression comparison in mouse cornea 

tissue, scratched tissue, Y-27632 treated cornea tissue, Y-27632 treated 

and scratched cornea tissue. (f) Dll4 expression dynamics of three 



13 

 

representative cells without injury. (g) Dll4 expression dynamics of three 

representative cells after mechanical scratch.  Scale bars: 25 µm…104 

 

 

 

 

 

 

 

  



14 

 

LIST OF TABLES  

Table 1.  LNA probe sequences……………………………………………………………..31 

Table 2. The correlation of cell activity and gene expression……………………...……..62 

Table 3. Biomechanical effects on tissue morphogenesis………………………..….…...77 

Table 4.  Comparison of different drug effect under the laser thermal ablation……...…94 

 

 

 

 

 

 

 

  



15 

 

NOMENCLATURE 

D0     Initial LNA concentration 

Q0   Initial GNR concentration 

T0   Initial target concentration 

D   LNA concentration 

G   GNR concentration 

T   Target concentration 

DG    Concentration of LNA-GNR complex  

DT   LNA-Target concentration 

G   Gas constant 

T   Temperature () 

dsLNA  Doule-stranded locked nucleic acid 

Dll4   Delta like ligand 4 

Notch1  Notch homolog 1 

LNA   Locked nucleic acid 

GNR   Goldnanorod 

NIR   Near infrared 



16 

 

HUVEC    Human umbilical vein endothelial cells 

CLS   Capillary-like structures 

ECM   Extracellular matrix 

VEGF   Vascular endothelial growth factor 

FBS   Fetal bovine serum  

ROCK   Rho-associated protein kinase 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



17 

 

Abstract 

The fascinating capability of cellular self-organization during tissue development and 

repair is a central question in developmental biology and regenerative medicine. 

Understanding the dynamic morphogenic and regenerative processes of biological 

tissues will have important implications in biology and medicine. Nevertheless, the 

elucidation of the cellular self-organization processes is hindered by a lack of effective 

tools for monitoring the spatiotemporal gene expression distribution and a lack of ability 

to perturb the self-organization processes in living cells and tissues.  Multimodal 

modularities that allow both single cell perturbation and gene detection are required to 

enable a new paradigm in the investigation of complex tissue morphogenic processes. 

To address this critical challenge in the field of developmental and regenerative medicine, 

we are developing a multimodal gold nanorod-locked nucleic acid (GNR-LNA) composite 

for single cell gene expression analysis in living cells and tissues at the transcriptional 

level. Using antisense RNA sequences, we design LNA probes for detecting specific 

molecular targets in living cells. The LNA probes bind to the GNR spontaneously due to 

the intrinsic affinity between the GNR and LNA. In close proximity, the fluorescent probes 

are effectively quenched by the GNR. Therefore, a fluorescent signal is only observed 

when the specific target thermodynamically displaces the LNA probe from the GNR. 

Furthermore, the GNR also serves as a transducer for photothermal ablation.  Thus, we 

established a novel modularity for imaging the spatiotemporal gene expression 

distribution in living cells and tissues.  The single cell analysis capability of our techniques 

enables us to adopt a unique approach to study the tissue regenerative processes during 
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normal development and diseases, and this will have a profound impact on regenerative 

medicine and disease treatment in future.  

Moreover, we applied this GNR-LNA probe to explore the endothelial cell mRNA 

dynamics during capillary morphogenesis.  Three different types of cells were identified 

due to their different roles during endothelial cell capillary-like formation process.  Our 

findings indicated that the endothelial cell behavior is directly related to the Dll4 mRNA 

expression, and Dll4 expression in ECs determine the cell fate.  Our GNR-LNA probe 

enable us to investigate the correlations between Dll4 mRNA expression and cell 

behavior during capillary morphogenesis.  Experimental results indicated that:  (1) When 

the endothelial cells aggregate, the cells migrate with certain displacement, the Dll4 

mRNA expression decreases.  (2) When the endothelial cells sprout, the cells migrate 

with small displacement but the cell shape changes to an ellipse shape, the Dll4 mRNA 

expression begin to increase.  (3) When the endothelial cells elongate and form cell-cell 

contract with adjacent cells, the Dll4 expression decreased to a certain level and keep 

stable until the cell activity change to another stage.   

Furthermore, it has been demonstrated endothelial cells compete for the leader cell 

position during wound healing, collective cell migration, and tip cell formation during 

angiogenic process.  It has been demonstrated that endothelial cells compete for the tip 

cell formation through Notch signaling pathway.  However, how the mechanical force 

regulates tip cell formation is still unclear, and if mechanoregulation of tip cell formation 

through Notch pathway still unknown.  Mechanical and chemical regulations of tissue 

morphogenesis and angiogenesis are being investigated in both in vitro capillary-like 

network formation assay and in vivo mice retina angiogenesis assay.  Here, we 
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investigated the mechanoregulation of mechanotransduction of tissue morphogenesis 

and angiogenesis using both in vitro endothelial cell tube formation model and in vivo 

mice retina blood vessel development model.  Our results demonstrated that (1) Notch 

pathway negatively regulates tip cell formation: inhibition of Notch pathway (DAPT) 

enhances tip cell formation, induces Dll4 and Notch1 activity, activation of Notch pathway 

(Jag1 peptide) inhibits tip cell formation, suppresses Dll4 and Notch1 activity.  (2) 

Mechanical force negatively regulate tip cell formation:  (a) Decrease mechanical force 

via Rho kinase inhibitor Y-27632, myosin II inhibitor Blebbistatin, or laser ablation, 

enhances tip cell formation and induces Dll4 activity through mediation of Dll4-Notch1 

lateral inhibition, (b) increase mechanical force via traction force inducer Nocodazole and 

Calyculin A, suppresses tip cell formation and inhibits Dll4 activity through activation of 

Notch pathway. (3) Mechanical force negatively regulates tip cell formation partially via 

mediation of Notch pathway.  Mechanical force is necessary for tip cell formation and 

negatively regulate tip/stalk selection via Dll4-Notch1 lateral inhibition.  Interruption of 

mechanical force enhance tip cell formation via suppression of Dll4-Notch1 lateral 

inhibition, thus resulting the increase of Dll4 expression.  Enhance of mechanical force 

inhibits tip cell formation via activation of Dll4-Notch1 lateral inhibition, thus resulting the 

decreases of Dll4 expression.   All these finding wills have great significance for various 

biomedical applications, such as tissue engineering, cancer, and drug screening.   
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CHAPTER 1 INTRODUCTION 

Tissue morphogenesis is a fundamental multicellular activity that is essential for various 

developmental and regenerative processes.    Vasculogenesis, for instance, leads to de 

novo blood-vessel formation from mesodermal precursors overlying the endoderm. 1  

Organs of ectodermal origin, on the other hand, are vascularized by angiogenesis, the 

outgrowth of new capillaries from the existing vasculature. 2 The formation of new blood 

vessels also contributes to numerous malignant, ischemic, inflammatory, infectious, and 

immune disorders. 3 , 4 , 5   Particularly, tissue engineering, a rapidly emerging field in 

regenerative medicine, has great potential to restore, maintain, or improve tissue 

functions.  A fundamental understanding of the mechanisms and regulatory factors 

involved is required for creating functional tissue constructs for regenerative medicine.  

The chemical basis of biological pattern formation and tissue morphogenesis is best 

understood in the reaction-diffusion model, which is also referred to as the activator-

inhibitor system, or the Turing pattern.6  Moreover, the theoretical model describes the 

roles of autocatalytic reactions and lateral inhibition in tissue morphogenesis and has 

been applied to explain a wide spectrum of morphogenic processes. 7,8,9,10  In addition to 

the reaction and diffusion of morphogens, physical factors are also important throughout 

the developmental process.  The regulatory role of cell mechanics, e.g., cell contractility, 

intercellular tension, and cell-matrix mechanical interactions, is increasingly recognized 

in tissue morphogenesis. 11   As an example, geometric confinement has been 

demonstrated to regulate capillary network topology via cell-matrix mechanical 

interactions.12  Tissue deformation has been shown to modulate vascular endothelial 

growth factor gradients and endothelial cell proliferation in deformable tissue constructs, 
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coupling biochemical and mechanical tissue regulation.13  Cell traction force has been 

demonstrated to control capillary network formation in vitro and in vivo by applying a Rho 

inhibitor and modulating extracellular matrix (ECM) elasticity.14  Alternation of the ECM 

composition also revealed the importance of endothelial cell traction force in network 

stabilization.15  These studies highlight the mechanical basis of tissue morphogenesis 

and encourage the development of novel mechanoregulation techniques.   

Specifically, the complex self-organization process of cells during tissue morphogenesis 

is critical in the fields of developmental biology and regenerative medicine.  However, the 

investigation of complex morphogenic processes, such as tissue development and 

regeneration, is hindered by a lack of effective tools for studying the spatiotemporal 

dynamics of cell behavior. Previous studies have demonstrated the availability of 

biosensors, such as immunostaining and RNA FISH, for detecting protein expression and 

mRNA gene expression at the single cell level. 16,17,18 However, these techniques have 

limited applicability in dynamic gene expression analysis. Here, a novel gold nanoparticle-

locked nucleic acid (GNP-LNA) complex was developed for systematically perturbing 

tissue morphogenic processes and monitoring spatiotemporal gene expression dynamics 

at the single cell level, taking advantage of the high stability of LNA and the decreased 

toxicity of GNPs.  Here, two different types of gold nanoparticles with different sizes, 

shapes, and surface modifications are utilized to detect mRNA gene expression at the 

single cell level, indicating the simplicity and flexibility of this GNP-LNA approach.  Due 

to the different characteristics of gold nanoparticles and gold nanorods, the performance 

of GNP-LNA probe and GNR-LNA probe have been evaluated according to their relative 

binding ability, equilibrium analysis, cell viability, intracellular uptake and signal to noise 
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ratio.  First of all, equilibrium analysis was further proceeded to evaluate the binding ability 

of GNP-LNA probe and GNR-LNA probe.  Both simulations and test tube experiments 

were applied to compare the binding ability of these two probes.  Intracellular uptake of 

GNPs and GNRs were explored to further compare the performance of GNP-LNA probe 

and GNR-LNA probe.  Cell viability after intracellular GNPs and GNRs uptake were 

evaluated using MTT assay.  Both GNP-LNA probe and GNR-LNA probe were utilized to 

detect mRNA gene expression in HUVECs, including β-actin mRNA, Dll4 mRNA, and 

Random control.  Signal to noise ratio were thus compared according to the relative 

fluorescent intensity.  Furthermore, we demonstrate this GNP-LNA based detection of 

mRNA expression in living cells, mice skin tissue, mice retina tissue and mice cornea 

tissue at the single cell level.  The regulation of Dll4/Notch 1 signaling pathway in tip/stalk 

cell selection has been investigated by detecting Dll4 mRNA gene expression dynamics 

during capillary-like network formation 17-18.   In a summary, we have demonstrated the 

applicability and specificity of GNP-LNA probe and GNR-LNA probe for detecting 

individual cell mRNA expression with high efficiency , high stability and low toxicity,  which 

providing an effective approach for investigating complex tissue morphogenic and 

regeneration processes.  Finally, GNR-LNA approach was applied to investigate 

pharmlogical and mechanoregulation of tissue morphogeneiss and tip cell formation 

during angiogenic processes.   

1.1 Notch signaling pathway 

The Notch signaling pathway is an evolutionarily conserved intercellular pathway in 

multiple cells that regulates cell-fate determination and structure-patterning processes 

during normal development and maintains adult tissue homeostasis 19 .  The Notch 
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pathway mediates juxtacrine signaling (contact-dependent signaling) wherein both the 

signal sending and receiving cells are affected through ligand-receptor crosstalk by which 

an array of cell fate determination and differentiation of epithelial, neuronal, cardiac, 

immune, and endocrine development are regulated 20-21.  Notch receptors are single-pass 

transmembrane proteins composed of functional extracellular (NECD), transmembrane 

(TM), and intracellular (NICD) domains.  Notch receptors are processed in the ER and 

Golgi within the signal-receiving cell through cleavage and glycosylation, generating a 

Ca2+-stabilized heterodimer composed of NECD noncovalently attached to the TM-NICD 

inserted in the membrane (S1 cleavage).  The processed receptor is then endosome-

transported to the plasma membrane to enable ligand binding in a manner regulated by 

Deltex and inhibited by NUMB.  In mammalian signal-sending cells, members of the 

Delta-like (DLL1, DLL3, DLL4) and the Jagged (JAG1, JAG2) families serve as ligands 

for Notch signaling receptors.  Upon ligand binding, the NECD is cleaved away (S2 

cleavage) from the TM-NICD domain by TACE (TNF-α ADAM metalloprotease converting 

enzyme).  The NECD remains bound to the ligand and this complex undergoes 

endocytosis/recycling within the signal-sending cell in a manner dependent on 

ubiquitination by Mib.  In the signal-receiving cell, γ-secretase (also involved in 

Alzheimer’s disease) releases the NICD from the TM (S3 cleavage), which allows for 

nuclear translocation where it associates with the CSL (CBF1/Su(H)/Lag-1) transcription 

factor complex, resulting in subsequent activation of the canonical Notch target genes: 

Myc, p21, and the HES-family members 22.  

It has been demonstrated by researchers that Notch signaling pathway plays a key role 

of vasculature development at different stages including embryonic developmental stage, 
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postnatal stage and angiogenesis stage. 23   Notch signaling must be able to generate 

appropriate signaling outputs in a variety of cellular contexts.  This need for versatility in 

Notch signaling is in apparent contrast to the simple molecular design of the core pathway.  

There are four Notch receptors including Notch1, Notch2, Notch3 and Notch4, and five 

Notch transmembrane ligands including Jagged1, Jagged2, homologs to Serrate, and 

Delta-like ligand 1(Dll1), Dll3 and Dll4.  During dynamic complex cell organization process, 

Notch signaling starts between neighboring cells with receptor-ligand interactions.  This 

interaction triggers a series of proteolytic cleavages of the Notch receptors, and the final 

one triggers the release of NICD from cell membrane and translocate NICD to the nucleus, 

where it interacts directly with the transcription factor CSL, thus HES and HES-related 

proteins family genes are induced among the target of Notch signaling.  Dll4 ligand is also 

a target gene regulated by the Notch signaling pathway.   Global knockout mice for Notch1 

and Notch1/Notch4, as well as Jagged1, displaying severe vascular abnormalities 

produced by the lack of capacity to remodel the primordial vascular plexus into a 

hierarchical network.  Moreover, mice deficient in Dll4 ligand die during early 

embryogenesis from vascular defects similar to those of Notch1/Notch4-deficient mice.  

In sum, these different phenotypes show that the Notch signaling pathway plays a critical 

role in vasculature development and proper structures patterning to maintain tissue 

homeostasis 24. 

1.2 Notch signaling on angiogenesis: the tip/stalk selection 

Sprouting angiogenesis is the formation of new blood vessel from an existing one.  This 

process plays a critical role in the pathological and physiological processes, including 

tissue morphogeneis, wound healing, cancer metastasis, and age-related macular 
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degeneration.  The tissue branching morphology of normal blood vessel requires the 

hierarchical organization of sprouting cells into leading tip and trailing stalk cells.  During 

angiogenic process, endothelial tip cells lead sprouting vessels, extend filopodia and 

migrate in response to the VEGF gradient.  In contrast, the adjacent stalk cells generate 

the trunk of new vessels to maintain the connectivity with parental vessels.25,26  Notch 

signaling pathway was discovered and demonstrated as the critical regulatory pathway 

for tip-stalk cell fate determination during sprouting angiogenesis.  This tip/stalk selection 

is regulated by Dll4/Notch lateral inhibitor (the process where the cells within a cluster 

compete so that one cell becomes dominant and inhibits the other cell behaviors): the 

endothelial cells compete for the tip cell position, and when the cell become tip cell, it 

suppresses the neighboring cells’ behaviors.  According to experimental observations, 

the current concepts propose that the VEGF and Notch signaling pathway cooperate in 

tight coordination to specify and balance the tip and stalk phenotype between the 

endothelial cells that constitute the sprouts during the physiological and pathological 

angiogenic process. 27  The initial angiogenic response is induced by VEGF gradients 

established in the hypoxia tissues.  Under the stimulation of VEGF, the endothelial cells 

of the pre-existing vessel become activated and compete for tip cell position by Dll4/Notch 

signaling.  The spatial requirements of contact-mediated lateral inhibition via Dll4/Notch 

signaling theoretically demand that in a row of endothelial cells stimulated by VEGF-A, 

two consecutive stalk cells can form between tip cells.  A subsequent division of stalk 

cells should lead to three or more stalk cells, which cannot inhibit each other from 

becoming a tip cell.  Any endothelial cell that is activated by VEGF-A and not directly 

inhibited by a neighbor expressing high levels of Dll4 will default to the tip cell phenotype 
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and thus initiate a new sprout.  This fundamental principle is now believed to represent 

the key mechanism of spacing vascular sprouts during normal development.   

Another key question about this tip/stalk selection model during sprouting angiogenesis 

is: after the tip cell formed after competition with the stalk cells, does the tip cell fate is 

permanent?  Does the tip cell always have high Dll4 expression and continue sprouting 

during angiogenic process?  Both theoretical and experimental results indicated that 

tip/stalk selection is dynamic during the continued sprouting, branching, and anastomosis 

process.  As the vascular network expanding, the stalk cells may convert to form new tip 

cells, which some tip cells converted to stalk cells according the VEGF-A gradient, 

indicating the tip/stalk selection and competition never stop during dynamic anigogenic 

sprouting process.  Thus, endothelial tip and stalk cell fate does not represent permanent 

cell fate decision but, rather, dynamic phenotypical specification in flux. 28   

1.3 Scope of dissertation 

Single cell mRNA gene expression plays a critical role for investigating dynamic complex 

developmental biology including tissue morphogenic and regenerative process.  

Development of a new molecular sensor to detect mRNA gene expression is essential to 

study the molecular mechanisms governing cell behaviors including cell proliferation, cell 

differentiation, and cell migration.  The challenges of studying developmental biology is: 

(1) Heterogeneity, Different cell types, Work collectively, Single cell measurement,  (2) 

Spatiotemporal regulated, Highly dynamic, Monitoring continuously, Living cells (3) 

Complex tissue environments, Cellular architecture , Cell microenvironment.  There are 

eight main objectives of this project.  
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1. Develop a technique (molecular biosensor) to detect small molecular including 

mRNA and protein expression in living cells and animal tissue slices.  

2. Evaluate the characteristics of the biosensor including specificity, stability, and 

sensitivity.   

3. Evaluate the capability of this molecular biosensor to detect different type of cells 

and animal tissue slices. 

4. Detect spatiotemporal distribution of mRNA expression in dynamic tissue 

morphogenic and regenerative process, i.e., endothelial cell tube formation, would 

healing, and capillary-like network regeneration after injury.  

5. Investigate the regulation of Notch pathway for tip cell formation via monitoring 

spatiotemporal mRNA expression during in vitro EC tube formation.  

6. Investigate the mechanoregulation of tip cell formation using both in vitro EC tube 

formation and in vivo mice retina blood vessel development.   

7. Investigate the pharmological regulation of tip cell formation using both in vitro EC 

tube formation and in vivo mice retina blood vessel development.   

8. Investigate the correlation between mechanoregulation and pharmological 

regulation during tissue morphogenesis and angiogenesis.  

1.4 Outline of dissertation  

This dissertation stats with the motivation of the present studies in Chapter 1, introducing 

the necessity to design and develop new technique to study complicated systematical 

biology.  Then the mechanism of Notch pathway and lateral inhibition during tip cell 

formation was introduced to further study the molecular mechanism that governs tip cell 

formation.  Chapter 2 introduced the methodology, including LNA probe design, GNR-
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LNA preparation, test tube experiments, cell culture, mice retina dissection, mice cornea 

dissection, fluorescence immunostaning, image analysis.  Chapter 3 introduced GNR-

LNA molecular biosensor, working mechanism, equilibrium analysis of molecular activity, 

evaluation of this GNR-LNA probe, including specificity, sensitivity, stability and simplicity.  

Moreover, the cell viability and internalization of GNR-LNA probe have been investigated 

and discussed.  Chapter 4 investigated the single cell mRNA analysis during in vitro 

endothelia cell capillary morphogenesis.  We explored the Dll4 mRNA expression 

dynamics and endothelial cell behaviors during EC tube formation process.  Chapter 5 

systematically studied mechanoregualtion and mechanotransducation during in vitro and 

in vivo tissue morphogenesis and angiogenesis.  This chapter studied the Rho kinase 

activity, VEGF-induced tip cell formation, Notch signaling pathway, Dll4-Notch1 lateral 

inhibition during tip cell formation, and the correlations between mechanical force, Notch 

pathway and endothelial cell behaviors.  The future applications of this GNR-LNA probe 

and future works were proposed in Chapter 6.    
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CHAPTER 2 METHODOLOGY 

2.1 LNA general design guidelines 

An LNA™ oligonucleotide offers substantially increased affinity for its complementary 

strand, compared to traditional DNA or RNA oligonucleotides. This results in 

unprecedented sensitivity and specificity and makes LNA™ oligonucleotides ideal for the 

detection of small or highly similar DNA or RNA targets.  

The benefits of LNA™ include:  

• Significantly increased sensitivity compared to DNA and RNA oligos/probes. 

• Enables robust detection of all microRNA sequences, regardless of GC content. 

• Superior detection from challenging clinical samples such as biofluids and FFPE. 

• Increased target specificity compared to DNA and RNA probes. 

• Enables detection of single nucleotide mismatches. 

• Superior discrimination of microRNA families. 

• High in vivo and in vitro stability. 

• Enables high potency binding to RNA and DNA. 

• Superior antisense inhibition of small RNA targets in vivo. 

LNA™ is a powerful tool for nucleic acids research.  LNA™ has been successfully used 

to overcome the difficulties of studying very short sequences and has greatly improved, 

and in many cases enabled, specific and sensitive detection of non-coding RNA and other 

small RNA molecules. The unique ability of LNA™ oligonucleotides to discriminate 

between highly similar sequences has further been exploited in a number of applications 
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targeting longer RNA sequences such as mRNA. In addition LNA™ has been 

successfully used for detection of low abundance nucleic acids and chromosomal DNA. 

(1) LNA™ will bind very tightly to other LNA™ residues. Avoid self-complementarity 

and cross-hybridization to other LNA™-containing oligonucleotides.  

(2) Keep the GC-content between 30-60 %.  

(3) Avoid stretches of more than 4 LNA™ bases, except when very short (9-10 nt) 

oligonucleotides are designed.  

(4) Avoid stretches of 3 or more Gs or Cs.  

(5) For novel applications, design guidelines may have to be established empirically. 

2.2 Locked Nucleic Acid (LNA) probe design 

A LNA probe is an alternating LNA/DNA monomers which is used to detect the presence 

of nucleotide sequences that are complementary to the sequence in the probe.  The target 

gene sequences are obtained from the NCBI GenBank Database.  The secondary 

structures of gene sequences are unfolded by the Mfold web server.  The optimized length 

of LNA probe is 20 base pairs of nucleotides.  The binding affinity and specificity of LNA 

probe has characterized using mFold server and BLAST (Table 1).  A fluorophore (6-FAM) 

was labeled at the 5’ end of LNA probe for detecting fluorescence signal.  The specificity 

of all sequeces are analyzed and evaluated by NCBI Basic Local Alignment Search Tool 

(BLAST) database.  Dll4 probe, β-actin probe and a random probe are designed as target 

gene, positive and negative control, respectively.  All the LNA probes and corresponding 

target DNA sequences are synthesized by Integrated DNA Technologies Inc (IDT).   
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Table 1 LNA probe sequences 

Name  Sequence (5’-3’)  

β-actin (H)  Donor +AG+GA+AG+GA+AG+GC+TG+GA+AG+AG /56-FAM/ 

 Target CTCTTCCAGCCTTCCTTCCT  

Dll4 (H)  Donor +AA+GG+GC+AG +TT+GG+AG+AG+GG+TT /56-FAM 

 Target AACCC TCTCC AACTG CCCTT  

β-actin (M) Donor +AG+TA+TT+AA+GG+CG+GA+AG+AT+TT /56-FAM 

 Target AAATCTTCCGCCTTAATACT  

Dll4 (M) Donor +TG+GT+TC+TG+CA+CT+TT+GC+CA+CA /56-FAM 

 Target TGTGGCAAACTGCAGAACCA  

Random Donor +AC+GC+GA+CA+AG+CG+CA+CC+GA+TA /56-FAM 

 Target TATCGGTGCGCTTGTCGCGT  

* H represents homo sapiens, and M represents mus musculus 

 

2.3 Preparation of gold nanoparticles 

Two types of GNPs with different shapes and modifications are used to bind LNA probe 

to form GNP-LNA complex to validate the versatility of this GNP-LNA assay. One is 

spherical gold nanoparticles with the diameter of 10 nm stabilized suspension in 0.1 mM 

PBS (Sigma Aldrich), the other is gold nanorods with 10 nm diameter and 67 nm length 

(Nanopartz), and modified with mercaptoundecyltrimethylammonnium bromide (MUTAB).  

These two types of gold nanoparticles are chosen due to their different shape and surface 

modification, which demonstrates our GNP-LNA probe is independent of shapes and 

surface modifications.  LNA probes were prepared with the concentration of 100 nM in 1x 
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Tris–EDTA buffer.  The LNA probes were incubated at 95°C for 5 minutes in a water bath 

and cooled down to 70°C over the course of 1 hour.  GNP solution were then added to 

the LNA probe solution and incubated at 70°C for 30 minutes.  The GNP-LNA probes 

were then cooled down to room temperature over the course of 2 hours before they were 

ready to transfer into the cells and detect the mRNA gene expressions. 

2.4 Cell culture 

Human umbilical vein endothelial cells (HUVECs) were obtained from Invitrogen 

collection.  Cells were cultured in EBM-2 endothelial basal medium with the supplement 

of 10% fetal bovine serum (FBS).  Cells were cultured in a fully humidified incubator at 

37°C in an atmosphere containing 5% CO2 with media changes every two days.  Cells 

were passaged using 0.25% Typsin (Invitrogen), and passage 2-7 were used in the 

subsequent experiments.   

2.5 Cell viability 

The cytotoxicity of gold nanoparticles (GNPs) and gold nanorods (GNRs) were evaluated 

using a cell viability assay reagent (Cell Counting kit-8, cck-8 assay).  HUVECs with the 

concentration of 1000 cells.ml-1 were seeded in flat-bottom 96-well tissue culture well 

plates and were incubated at 37°C in a 5% CO2 incubator for 24-72 hrs. After 12 hours 

incubation to allow attachment, GNPs with the concentrations of 3, 6, 12, 24, and 48 

μg.ml-1 were added and co-incubated with HUVECs for 48 hours.  A microculture plate 

reader (BioRad) was used to read absorbance values at 450 nm.   
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2.6 Internalization of GNPs and GNRs 

HUVECs with the density of 5×104 # per ml were seeded at 24 well plates.  After overnight 

culture, GNPs and GNRs with the concentration of 24 μg.ml-1 were added to the 24 well 

plates.  In order to study the time effects of internalization of GNPs and GNRs, the seeded 

HUVECs were harvested at different time points of 3 hrs, 6 hrs, 9 hrs, 12 hrs, 18 hrs, 24 

hrs, and 48 hrs.  The cells were washed 3 times using 1x PBS before harvest to wash 

away the excessive GNPs and GNRs that were not internalized.  The harvested cells at 

different time points were calculated by using hemocytometer (Hausser Scientific).  The 

harvested cells with internalized gold were suspended in aqua regia digestion solution 

and lysed using CEM MARS6 microwave digestion system (Matthew, N.C.).  The detailed 

microwave digestion process has been published in reference [21].  After digestion, the 

masses of GNPs and GNRs at different samples were measured by weight using Aligent 

7700× CIP-MS system (Agilent Technologies, Santa Clara, CA).  In order to investigate 

the maximum internalization of GNRs and GNPs by each cell, endothelial cells with the 

same density were incubated with different concentrations (3 μg.ml-1, 6 μg.ml-1, 12 μg.ml-

1, 24 μg.ml-1 and 48 μg.ml-1) of GNRs and GNPs.  After 12 hrs of incubation, cells were 

harvested and counted and the internalized GNPs and GNRs were quantified using ICP-

MS system.  

2.7 Test tube experiment 

LNA donor probe was prepared and was added to the prepared GNP/GNR solutions with 

the different concentrations of 3, 6, 12, 24, 48 μg.ml-1.  The final concentration of LNA 

donor probe was 100 nM.  All the samples were prepared in 1xTris buffer unless specified.  
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The LNA donor probe and gold nanoparticles were hybridized and the fluorescent 

intensities were measured using 96 well plates microreader (BioTek, Synergy 2). After 

hybridization process, target sequences in 1x Tris buffer with different concentrations 

were added and the fluorescent signals were detected using the same microreader.  Two 

background control experiments are executed to accurately quantify the fluorescent 

signal intensities, one is the intensity read from 1x Tris buffer, the other is the intensity 

read from pure GNP/GNR solution.  All the fluorescent measurements are calibrated 

according to relative buffer solution.   

2.8 Capillary – like network formation assay 

HUVECs with the density of 2 × 104 cells/ml were seeded on the 35 mm cell culture dish.  

When the cells reach 70-80% confluency, prepared GNR-LNA probes at the density of 2 

× 1011 particles per ml were incubated with HUVECS for endocytic uptake.  After 

incubation of the GNR-LNA complexes with the HUVECs for 8 hours at 37°C, the cells 

were washed with 1×PBS for 3 times and were harvested.  After intracellular delivery of 

GNR-LNA probes, cells were seeded on the matrigel-precoated glass bottom 24 cell 

culture well plates with the density of 2 × 104 cells per ml.  Capillary-like networks were 

self-organized after 3 hours of incubation.  Single cell gene expression dynamics were 

then monitored during this in vitro angiogenesis assay.  

2.9 Mouse retina and cornea dissection assay 

Enucleation and fixation of postnatal eyes:  
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• At day 7, kill the mouse pup in a humane manner and place the killed mouse pup 

on its side.  

• Using a pair of scissors to remove the skin covering the eyes.  

• Using a pair of curved forceps to pinch the optic nerve and ocular muscles and 

pluck the eye from the orbit.   

• Rapidly collect the two eyes.  

• Transfer the eyes to a petri dish containing 4% PFA in ACSF (Artificial 

cerebrospinal fluid), fix for 5-8 minutes.  ACSF can help soften the eyes and 

facilitates subsequent dissection; it also reduces the curling up of retinas during 

dissection.  (If the retina and cornea tissue are used for future culture, then the 

eyes are transferred to a petri dish only containing ACSF. ) 

• Transfer the eyes to the petri dish containing DPBS using a pair of curved forceps 

and leave for another 5 minutes.   

• Using the forceps (extra fine tips, angled 45°) and a pair of scissors to remove the 

extra fat and optical nerve. 

• Insert the sharp tip of forceps between retina and sclera and gently remove the 

sclera and cornea by cutting away of strips of cornea and sclera.   

• Remove the lens using forceps and pull it out.   

• Transfer the cup shaped retina into a new petri dish containing DPBS and rinse it.   

• Carefully cut the retina into 4 pieces using a pair of scissors.   

• Remove the extra DPBS and dry retina using filtering paper.  If the retina and 

cornea tissue are used for culture and future mRNA detection, then this is the last 

step of retina dissection.  
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• Slowly pipette methanol drop by drop onto surface of retina until totally covered 

(the retina will turn white) and then flood with additional methanol.  

• The fixed retina can be stored in methanol at -80°C for up to several months prior 

to staining.  

2.10 Immunofluorescence staining protocol 

Staining reagents:  

• 1x PBS, 0.5% Triton(literature 0.3%), 1%BSA (literature 0.2) 

• Normal donkey serum (5%, avoid repeated freeze/thaw cycles), abcam(#ab7475) 

• Isolectin B4-Alexa  

• Notch1 primary antibody: Rabbit polyclonal to activated Notch1 (abcam: #ab8925) 

• Notch1 secondary antibody: Donkey anti-rabbit IgG H&L (Alexa Fluor 488) (abcam, 

#ab150073) 

• Dll4 primary antibody: Rabbit polyclonal to DLL4 (abcam: #ab7280) 

• Dll4 secondary antibody: Goat anti-rabbit IgG H&L (Alexa Fluor 488) preadsorbed 

(abcam: ab150081) 

• TO-PRO-3 dye: TO-PRO®-3 Iodide (642⁄661) - 1 mM Solution in DMSO 

(Invitrogen: T3605) 

• Mount medium: Prolong Gold antifade reagent (Invitrogen: P10144) 

Protocol:   

• Carefully remove/pour off methanol and gently rinse retinas briefly in 1x PBS for 3 

times, 5 min for each time.   
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• Remove extra PBS and cover retina 100ul of Perm/Block solution (PBS + 0.5% 

Triton +1% BSA) + 5% donkey serum) for 1hr.   

• Remove block solution, DO NOT rinse after blocking.   

• Incubate retina with 100 ul primary antibody (1:50) at 4 °C overnight, all prepared 

by diluting in Perm/Block (PBS + 0.5% Triton +1% BSA) ;  

• Remove antibody/isolectin and wash retina in PBSTX (PBS + 0.3% Triton) 3 times 

for 15 minutes each (total 1 hour)   

• Incubate retina with secondary antibody (diluted 1/500 in PBSTX) and TO-PRO-3 

dye (1 uM, diluted 1/1000 in PBSTX) at 4 °C overnight or for 4 hr at room 

temperature.   

• Remove secondary antibody and wash retina 4×15 min in PBST.   

• Mount retinas by adding 50 ul of Prolong Gold antifade reagent onto a coverslip 

and gently position over the retina.  

• Transfer slides/glass bottom dish to fridge overnight at 4 °C, ensuring that they are 

flat and protected from light, to allow the Prolong mountant to set.   

• Image retina using a confocal microscope or an epifluorescence microscope. 

Mounting reagent preparation:  

• Remove the ProLong Gold antifade reagent from the freezer and allow the vial to 

equilibrate to room temperature.  

• Remove any excess liquid from the specimen and apply 1 or 2 drops of the antifade 

reagent to the specimen. Cover slide-mounted specimens with a coverslip; for 

specimens mounted on coverslips, place a drop of antifade reagent onto a clean 
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slide and carefully lower the coverslip onto the antifade to avoid trapping any air 

bubbles.  

• Allow the mounted sample to cure on a flat surface in the dark. Curing time may 

vary from a couple of hours to overnight, depending on the thickness of the sample 

and the relative humidity of the surrounding air. For long-term storage, seal the 

coverslip to the slide after curing to prevent excessive shrinkage of the mounting 

medium, which can result in sample distortion. After sealing, store the slide upright 

in a covered slide box at <=-20°C. Desiccant may be added to the box to ensure 

that the slide remains dry. 

2.11 Single cell mRNA gene detection in mice retina and cornea tissue 

Prepared GNR-LNA probe were added to tissue culture dish containing harvested mice 

retina and cornea tissue.  GNR-LNA probe were incubated with mice retina and cornea 

tissue at 37 °C, 5% CO2, and 100% air humidity incubator.  After 2 hours incubation, mice 

retina tissue and cornea tissue were washed using 1x PBS for 3 times to get rid of the 

extra GNR-LNA probes.   Add fresh MEM medium to tissue culture dish and the retinas 

and corneas were ready to imaging.   

2.12 Imaging and data analysis 

All the bright field images and fluorescence images of HUVECs were captured using an 

inverted fluorescence microscope with a HQ2 CCD camera.  All fluorescence images for 

endothelial cells were taken with the same settings at the exposure time of 1s for 

comparison.  All the animal tissue images were captured using Zeiss LSM 510 Meta 
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Confocal Microscope. Data collection and imaging analysis were performed using NIH 

ImageJ software.   
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CHAPTER 3 COMPARISON OF GNP-LNA PROBE AND GNR-

LNA PROBE 

Gold nanoparticles (GNPs) have been investigated and demonstrated to be an effective 

tool as therapeutic delivery vectors, intracellular imaging agent due to their favorable 

chemical and optical properties in the field of diagnostic disease, developmental biology 

and clinical study. 29,30,31 The capability of endocytosis of GNPs enables it to be applied 

in the field of drug delivery, gene delivery and biosensors.  Previous studies have showed 

the combination of Locked Nucleic Acid (LNA) probe and gold nanorods (GNRs) can be 

applied to detect mRNA gene expression dynamics at the single cell level. 32,33,34  It has 

also been reported by our group that dsLNA and dsDNA probe can be effectively applied 

to detect mRNA gene expression.  35, 36,37 Here, GNP-LNA probe and GNR-LNA probe 

are investigated and demonstrated the capability of intracellular mRNA gene expression 

detection at the individual cell level.  The characteristics of GNP-LNA probe and GNR-

LNA probe, including binding ability, equilibrium analysis, cell cytotoxicity, intracellular 

uptake, signal to noise ratio, stability, and sensitivity, have been investigated and 

compared.  Specificity and stability of both GNP-LNA probe and GNR-LNA probe have 

been investigated and demonstrated by studying the spatiotemporal distribution of β-

actin, Dll4, and random mRNA expression in human umbilical vein endothelial cells 

(HUVECs).  Simulation and experimental results revealed that GNR-LNA probe has better 

sensitivity due to surface charges and wider applications due to its two plasma resonance 

absorbance peaks.  This GNR-LNA probe was further applied to investigate the 

spatiotemporal mRNA gene expression in HUVECs, mice retina, cornea tissue, and 
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during in vitro capillary-like networks formation.  In a word, general GNP-LNA probe and 

GNR-LNA probe have been developed for perturbing and monitoring the spatiotemporal 

gene expression dynamics at the single cell level.  Simulation and experimental results 

demonstrated the applicability and specificity of GNP-LNA probe and GNR-LNA probe for 

detecting individual cell mRNA expression, providing an effective approach for 

investigating complex tissue morphogenic and regeneration processes. 

3.1 Characterization of GNP and GNR 

Two different types of gold nanoparticles with different shapes are tested using this LNA-

GNP assay.  The UV-vis-NIR absorption spectrum of GNP and GNR are shown in Figure 

1 (a) and (b).  One wavelength peak was observed from the absorption spectrum of GNP 

at 525 nm, and two wavelength peaks appearing at 525 nm and 950 nm were observed 

from GNR’s absorption spectrum.  The shorter wavelength peak, which is known as 

transverse plasmon band, corresponds to the oscillations perpendicular to the long axis 

of the GNR, and the high wavelength peak, which is known as the longitudinal plasmon 

band, corresponds to the oscillations along the long axis of the GNR.  The longitudinal 

Plasmon band is relative sensitive to the aspect ratio of GNR and can be tuned by 

adjusting aspect ratio 38.  Thus GNR with the longitudinal plasmon band can be used as 

photothermal ablation of single cells and animal tissue slices.  As the emission 

wavelength of fluorophore (6-FAM) labeled on the 5’ end of LNA donor probe is 520 nm, 

it is important to make sure the fluorescence signal detected by the fluorophore are not 

due to the GNR/GNP’s absorption. Thus the absorption spectrum of GNP and GNR with 

four different concentrations that are used in the following experiments (6, 12, 24, and 48 

μg.ml-1) were also measured, and the results are shown in Figure 1 (c) and (d).  The 
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results revealed that the absorption ratio of GNP solution used in this paper varies with 

different concentrations, and the highest absorption ratio is ~0.1, and the absorption of 

GNR solution is as low as 0.01, which can be ignored.  Thus the results indicate that the 

fluorescence signal detected from GNP-LNA probe is mainly due to fluorophore, not due 

to the GNP’s absorption.  

 

Figure 1 (a) and (b) are UV-vis-NIR absorption spectrum of GNP and GNR, respectively.  

(c) and (d) are the relative absorption spectrum of GNP and GNR with different 

concentrations.    
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3.2 Equilibrium analysis of molecular dynamics 

The binding affinity and the free energy change (ΔG) play a critical role in the success of 

probe design, and directly affect the detecting sensitivity and efficiency.  The binding 

dynamics and equilibrium analysis of dsDNA/LNA probe has been previously 

demonstrated to evaluate the probe effectiveness and sensitiveness 39,40.  Here, the 

dynamic binding scheme of GNP-LNA probe can be modeled using eqns (1) and (2).   

�D� + �G� ⇌ �DG� (1) 

�D� + �T� ⇌ �DT� (2) 

In this model, [D] is the concentration of LNA donor probe, [G] is the concentration of gold 

nanoparticles, [DG] is the concentration of GNP-LNA complex, [T] is the concentration of 

target, and [DT] is the concentration of LNA-target complex.  At equilibrium status, the 

molecular binding constant can be presented as eqns (3) and (4).  k1 and k2 are binding 

constants of GNP-LNA and LNA-target, respectively.  The binding constant describes the 

free energy changes during the molecular reaction process, and can be calculated using 

this equation:  = ��∆�/�∙�, where R is the gas constant and T is the absolute temperature.    

k� =
����

������
 (3) 

k� =
����

������
 (4) 

The hypothesis of this molecular reaction is that the LNA donor concentration is much 

higher than that of gold nanoparticles, thus the relative conservation for LNA donor, GNRs, 

and target can be described as eqns (5), (6) and (7).  D0, T0, and G0 are the initial 

concentration of LNA donor, target, and GNRs.   
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D� = �D� + �DG� + �DT� (5) 

T� = �DT� + �T�   (6) 

G� = �G� (7) 

Using eqns (3-7), the molecular concentration can be solved as:   

(� + �� �)�!�� + (1 − � � + � � + �#�)�!� − !� = 0  (8) 

�!� =
�%±√%(�)*+

�*
  (9)

 , = � + �� �   (10) 

- = 1 − � � + � � + �#�   (11) 

. = −!�  (12) 

and the target concentration can also be solved as:  

 �T� = T� − �DT� = T� −
/(�0���

�1/(���
=

�0

�1/(���
    (13)   
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Figure 2 (a) Simulation results and test tube result of equilibrium analysis of GNR-LNA 

probe, and (b) equilibrium analysis of GNP-LNA probe.  (c) and (d) Evaluaiton of the 

donor-to-GNR and donor-to-GNP ratio.  The equilibrium concentration of free fluorophore 

determined by equilibrium analysis and experiments.  (c) is the normalized fluorophore 

intensity versus donor-to-GNR ratio, and (d) is the normalized fluorophore intensity versus 

donor-to-GNP ratio.    

As the free energy changes can be directly estimated using mFold, the binding constants 

can thus be calculated.  The free energy changes can thus be calculated as ΔG=-RT*ln(k), 

with the value of -29.1 kcal.mol-1 for GNR-LNA probe, and -28 kcal.mol-1 for GNP-LNA 

probe.  The fluorescence intensity of fluorphore can thus be estimated in the presence 
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target using equilibrium analysis, which directly affects the sensitivity of the LNA-GNR 

probe.  The detectable mRNA concentration range can thus be estimated using above 

equilibrium analysis model, eqns (8-13).  Test tube experiments using the same 

parameters are executed to evaluate the equilibrium analysis model.  Figure 2 (a) and (b) 

showed the simulation and test tube experimental results of equilibrium analysis.  The 

results indicated that the fluorescence signal increases with the increased target 

concentration due to LNA-target binding, and the signal keep constant when all the free 

LNA probes in the solution bind to the target sequence.  Both the simulation and 

experimental results indicated that the GNR-LNA probe has a dynamic range from 10 nM 

to 104 nM of target concentration, while GNP-LNA probe has a dynamic range from 102 

to 105 nM of target concentration. The results revealed that GNR-LNA probe has a higher 

sensitivity compared to GNP-LNA probe, which is mainly due the higher binding ability of 

GNRs.   It has been demonstrated in our previous study that the dynamic detectable 

range of the LNA molecular probe can be tuned by adjusting the probe concentration [18], 

thus the dynamic detectable range is dependent on the concentration, binding ability and 

free energy changes.  It has been reported that the typical mRNA molar concentration of 

the cell can be as low as at 80 pM (1 copy), or can exceed 2.2  μM  in the cell with the 

edge of 10 μm at 1000 copies 41, 42, 43, which indicate that our GNR-LNA probe and GNP-

LNA probe are sensitive enough to detect mRNA gene expression in cells even with low 

probe concentrations.   

Moreover, as gold nanoparticles are different from the organic quencher which used in 

our previous dsDNA probe, the ratio of LNA donor to each GNR or GNP is quantified 

using equilibrium analysis (eqns (14-17)) and test tube experiments.  Figure 2 (c) and (d) 
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showed the free fluorophore probe intensity of GNR-LNA probe and GNP-LNA probe, 

which estimated by the equilibrium analysis and experimental results.  The fluorescence 

intensity reduced to a low level with the donor-to-GNR ratio of 0.02, and the donor-to-

GNP ratio of 0.05.  The results indicated that for each GNR, there are approximately 50 

LNA probes can bind to each GNR, while there are only approximately 20 LNA probes 

can effectively bind to each GNP.  Our previous study has reported for each GNR, it can 

effectively bind to 34 β-actin oligonucleotide sequences.  It should be noted that the ratio 

depends on the sequence design and should also be calculated for each probe design 

using eqn (17).  Thus in this paper, we determine that the GNR-to-donor ratio is 50 and 

the GNP-to donor ratio is 20, which can effectively minimize the background level without 

losing signaling level significantly.  

G� = MD�  (14) 

D� = �D� + �DG�  (15) 

G� = �G� + �DG�  (16) 

(1 − M)D� = �D� −
�0����

/5���
  (17) 

3.3 Cell viability  

The cell viability was expressed as a percentage of the untreated cells as control (100% 

cell viability).  The viability of HUVECs with different treatments of GNRs was measured 

and the experiments were repeated at least three times.  Figure 3 shows the cell viability 

after 48 hours incubation.  It was shown that both GNRs and GNPs showed low 

cytotoxicity to the endothelial cells with 90% cell viability even when the Au concentration 

is as high as 24 μg.ml-1.  This low toxicity of GNPs and GNRs enables internalized GNP-
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LNA probe to detect gene dynamics expression over time without affecting cell viability.  

The typical gold concentration used in this paper is 12 μg.ml-1 according to cellular uptake 

of GNPs.  Another interesting phenomenon was observed that with the same amount of 

gold, GNPs are less cytotoxic than the GNRs even though they have the same diameters, 

which indicating the diameter is not the only factor influencing cell proliferation and the 

interaction between gold-NPs.  As the GNRs and GNPs have different shapes, it is 

significant to investigate the shape effects on cell toxicity.  Using the same results, we 

reevaluated the cell viability according to the surface area.  The results revealed that with 

the gold concentration of 48 μg.ml-1, the total surface area of GNPs is bigger than that of 

GNRs, which can exactly explain the higher toxicity of GNPs due to interactions of cell-

GNPs.  However, even with the same surface area, GNPs shows higher toxicity to 

endothelial cells compared to GNRs.  The major possibilities are different aspect ratio 

and the different surface modifications of GNPs and GNRs 44, 45.  All the above results 

indicated that GNRs showed better cell viability compared to GNPs for the GNP-LNA 

probe cellular uptake for gene detection.   
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Figure 3. Cell viability comparison of GNPs and GNRs.  (a) shows the cell viability of 

HUVECs after incubation with GNPs and GNRs with different concentrations, (b) shows 

the cell viability of HUVECs after incubation with GNPs and GNRs with different surface 

area.   

3.4 Internalization of GNP and GNR 

In order to investigate the efficiency of internalization of GNPs and GNRs, the amount of 

GNPs and GNRs internalized by endothelial cells over time at different concentrations 

are quantified by inductively coupled plasma mass spectrometry (ICP-MS).  Figure 4 (a) 

shows that both GNPs and GNRs can be detected at the very early stage after 3 hours 

incubation.  Moreover, both GNPs and GNRs can be maximally uptake by endothelial 

cells after 12 hrs incubation and stay stable inside the cells, this high internalization 

efficiency enables the capability of GNR-LNA probe delivery and detect gene expressions 

with high stability and high accuracy.  Figure 4 (b) shows the internalization of GNPs and 

GNRs at different concentrations.  The results indicated that the internalized Au amount 

increases with increased GNPs and GNRs concentration, the maximum internalization of 

Au reached with the Au concentration of 24 μg.ml-1.  The internalization rate of GNPs and 

GNRs are different even with the same Au incubation concentration.  The maximum 

internalization rate of GNRs can reach to 45.83% with the incubation density of 24 μg.ml-

1, while the maximum internalization rate of GNPs can reach to 12.08 % at the same 

incubation density.  It has been reported that the internalization rate of gold nanoparticles 

was affected by the shape, surface charges, cell types and cytotoxicity 46,47,48.   
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Figure 4.  Internalization of GNPs and GNRs. (a) shows internalization of GNPs and 

GNRs over time.  (b) shows the internalization of GNPs and GNRs at different Au 

concentration.  

3.5 Single cell intracellular mRNA gene detection 

Dll4 mRNA expression in individual HUVEC was detected and monitored using both 

GNR-LNA and GNP-LNA probe, β-actin and Random expression were also monitored as 

positive and negative control, respectively.  Figure 6 showed the bright field and relative 

fluorescent field images with the expression of β-actin, Dll4, and Random, respectively. 

Figure 6(a) shows the relative gene expression using GNR-LNA probe, and Figure 6(b) 

shows the relative results using GNP-LNA probe.  Both GNR-LNA probe and GNP-LNA 

probe showed the capability of detecting intracellular Dll4 mRNA gene expression in 

single cell level.  The fluorescent intensity indicates the mRNA gene expression level in 

cell cytoplasm.  The fluorescent field images of Figure 6(a) and (b) showed the Dll4 mRNA 

gene expression is lower than that of β-actin expression, and higher than that of Random 

expression, in both GNR-LNA probe and GNP-LNA probe.  β-actin, Dll4, and Random 
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mRNA gene expression in both GNR-LNA assay and GNP-LNA assay were monitored 

and quantified by measuring the fluorescent intensities in each cell at the time points of 3 

hr, 6 hr, 9 hr, 12 hr, 24 hr, and 48 hr, and the results are shown in Figure 6(c).  The results 

indicated that both GNR-LNA probe and GNP-LNA probe can be used to detect 

intracellular mRNA gene expression dynamics over time, and these two probes can be 

stable in cells to detect mRNA gene expression for more than 48 hours.  The maximum 

fluorescent intensity was reached after 24 hrs incubation of probe and cells, and stays 

stable for more than 48 hrs.  The capability of high sensitivity and stability enables these 

two probes to detect mRNA gene expression dynamics at single cell level.  Compared to 

GNP-LNA probe, GNR-LNA probe has higher signal-to-noise ratio (SNR, the maximum 

SNR for GNR-LNA probe and GNP-LNA probe are SNRGNR-LNA=10, and SNRGNP-LNA=2, 

respectively) due to the different surface charges, higher intracellular uptake, and higher 

cell viability.  Thus GNR-LNA probe was used to detect intracellular mRNA expression 

dynamics in animal lung and liver tissue, and in capillary-like network formation process.    
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Figure 5.  (a) and (b) are bright filed and fluorescence images of HUVECs with β-actin, 

Dll4, and random probe.  (c) Mean fluorescence intensity of GNR-based β-actin, Dll4, and 

random probe over time.  (d) Mean fluorescence intensity of GNP-base β-actin, Dll4, and 

random probe over time.  
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3.6 Summary 

In summary, two different types of gold nanoparticles with the same diameters but 

different shapes has been investigated in the GNP-LNA assay.  The simplicity of GNP-

LNA assay allows the GNPs with different shapes, i.e., GNPs and GNRs, to be applied in 

a wide spectrum of applications.  The performance of GNP-LNA probe and GNR-LNA 

probe has been evaluated according to their relative binding ability, equilibrium analysis, 

cell viability, intracellular uptake, and signal to noise ratio.  Our simulation and 

experimental results have demonstrated the capability of detecting mRNA gene 

expression at single cell level for both GNP-LNA probe and GNR-LNA probe.  Both of 

these two probes have showed the stability and specificity to detect mRNA gene 

expression dynamics at the single cell level.  Compared to GNP-LNA probe, our results 

indicated that GNR-LNA probe has higher binding ability due to different surface 

modification and charges, thus higher sensitivity and higher signal-to-noise ratio.  The cell 

toxicity and intracellular uptake of GNP-LNA probe and GNR-LNA probe have been 

quantified and compared.  The results revealed that low cell toxicity and high intracellular 

uptake for both of these two probes.  These results demonstrate the general applicability 

of the GNP-LNA probe and GNR-LNA probe for investigating spatiotemporal mRNA gene 

expression dynamics at single cell level.   

In summary, we have demonstrated the applicability and specificity of GNP-LNA probe 

and GNR-LNA probe for detecting individual cell mRNA expression with high efficiency , 

high stability and low toxicity,  which providing an effective approach for investigating 

complex tissue morphogenic and regeneration processes.  Compared to GNP-LNA probe, 
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GNR-LNA probe showed higher binding ability, higher intracellular uptake rate, lower 

toxicity and higher signal to noise ratio.   
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CHAPTER 4 SINGLE CELL mRNA ANALYSIS DURING 

CAPILLARY MORPHOGENESIS  

4.1 Single cell mRNA detection in living cells and tissues 

The LNA probe can bind to GNPs to form GNR-LNA complex spontaneously due to 

nucleic acid-GNR interactions.  The fluorophore at the 5’ end is quenched due to GNP’s 

intrinsic fluorescence quenching ability and the proximity of the fluorophores to the gold 

surfaces.  The GNR-LNA complex can be taken up endocytically  by the living cells in 

tissues without transfection or microinjection, which can thus increase the signal to noise 

ratio compared to traditional transfection reagents.  The LNA probe can be 

thermodynamically displaced from the GNPs and binds to the specific target sequences 

due to higher binding affinity, the fluorophore is dequenched and the fluorescent signal 

increases, Figure 5(a, b).  The basic principle is that the GNR-LNA probe can only get 

into cytoplasm of cells, which greatly increases the signal to noise ratio compared to 

traditional transfection reagents.  The capability of individual cells to internalize GNR-LNA 

probe enables real time monitoring of mRNA expression at single cell level, which 

provides an effective approach for probing spatiotemporal gene expression dynamics.  

The GNR-LNA probe is applicable in various types of living cells and tissues, including 

human umbilical vein endothelial cells (HUVECs), MCF-7 cells, NIH 3T3 cells, mice lung 

tissue, liver tissue and retina tissue.  Figure 5(c) showed the Dll4 mRNA gene detection 

in living HUVECs, mice skin tissue, mice retina tissue and mice cornea tissue at the single 

cell levels.  Both bright field and fluorescent field images of single HUVECs are shown in 

Figure 5 (c).  For mice retina tissue, capillaries were recognized by BS1 isolectin B4 
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staining of endothelial cells in one color, nucleus of endothelial cells were stained using 

TO-PRO-3.  Dll4 probe was used to detect the Dll4 mRNA level in retina endothelial cells.   

For mice cornea tissue, nucleus of epithelium cells were stained using TO-PRO-3, 

cytoplasm of epithelium cells were recognized by Dll4 probe.  The protocol of single cell 

mRNA gene expression in mice retina and cornea tissue are described in the materials 

and methods section.   

 

Figure 6. GNR-LNA for single cell gene expression analysis in cells and tissues.  (a) 

Working principle of the GNR-LNA.  (b) Endocytic uptake of the GNR-LNA probe by 

individual cells.  (c) Dll4 mRNA gene expression in HUVECs, mice retina tissue, and mice 

cornea tissue, respectively.  
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4.2 Collective cell behaviors in vascular morphogenesis  

Vasculogenesis is the de novo growth process of the primary vascular network from 

initially dispersed endothelial cells.  Vasculogenesis is the first step in the development 

of the circulatory systems.  In vivo, endothelial cells are in contact on their basal surface 

with a thin, highly specialized extracellular matrix.  This matrix forms a continuous sleeve 

around the endothelial cells, and maintains the capillary-like structures of the blood 

vessels.  It has been demonstrated that endothelial cells will rapidly form capillary-like 

structures in vitro when seeded on top of Matrigel (a reconstituted basement membrane 

extracellular matrix).  This in vitro angiogenesis assay has been used for 20 years (1) to 

study angiogenic and antiangiogenic factors, (2) to study and define molecular 

mechanisms and pathways involved in angiogenesis, and (3) to study phenotypic and 

genotypic cell behavior during this highly dynamic process.  Furthermore, this endothelial 

cell capillary-like structures formation assay has been successfully used to study dynamic 

processes ranging from wound healing, regenerative medicine and tumor angiogenesis.  

Until now, numerous researchers have used phase-contrast microscopy and live-imaging 

techniques to visualize the dynamic process of capillary-like formation.  It has been 

demonstrated that there are three major step by studying collective cell behaviors:  (1) 

endothelial cell aggregation, (2) endothelial cell elongate into cord-like structures, and (3) 

remodeling of vascular segments into capillary-like structures.  The early stage of 

capillary-like formation including step (1) and step (2) can be applied to study the 

mechanisms of vaculogenesis, and the step (3) can be applied to study the in vitro 

angiogenesis, including defining signaling pathway in angiogenesis, identifying genes up- 

or down-regulation in angiogenesis, and defining genes functionally important for 
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angiogenesis.  However, all these studies focus on the collective behaviors of the cellular 

population, including geometry properties (mean cord length, vascular plexus changes) 

of capillary-like structures at fixed endpoint.  The study of dynamic phonotypic and 

genotypic behavior of individual cells is limited, to the best of author’s knowledge.  Hence, 

it is critical to uncover the phenotypic and genotypic individual cell behaviors to 

understand the molecular mechanism of how individual endothelial cells migrate, 

aggregate, and elongate to sense and interact with each other to form stable capillary-

like structures.  Here, we developed a new technique to systematically investigate the 

phenotypic and genotypic individual cell behaviors during this capillary-like structure 

formation.  By using our GNR-LNA probe, individual cell mRNA gene expression 

dynamics can be monitored, and the individual cell morphology changes can be 

monitored using living imaging microscopy.  Firstly, we investigated the phenotypic 

behaviors of collective endothelial cells over time by analyzing bright field image series, 

as shown in Figure 7.1.  Quantitative analysis of individual cells revealed this early stage 

of dynamic capillary-like structure formation process can be separated into three major 

event: (1) Aggregation: when endothelial cells were seeded on the surface of Matrigel, 

the endothelial cells sense, interact with the matrix, proliferate, and migrate to spatial 

positions in advance of cell-cell interactions.  The cell displacements vary from 0 μm to 

100 μm in each time frame (10 min).  (2) Sprouting:  after the first step of aggregation, 

part of the cells sprouted out with the cell shape changed.  In this step, endothelial cells 

stayed in the same position or with small displacement, but the cell morphology changed, 

the cells spread with the increased cell area and perimeter.  (3)  Elongation: endothelial 
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cells elongated with increasing displacement and adjacent cells move towards each other 

to form cell-cell contact. 

During this early stage of capillary-like structures formation process49, some endothelial 

cells experience only one step, some cells experience two step, some cells experiences 

all these three steps and form capillary-like structures.  In order to study these three 

different cell behaviors, we separate the endothelial cells to three different types. (1) 

Aggregation cell, this type of cells only aggregate with small displacements in the early 

stage of capillary-like formation process, as labeled in pink color; (2) Sprouting cell, which 

experience aggregate and sprouting during this CLS formation process. Compared to 

aggregation cell, this type of cells experience displacements change, shape change and 

morphology change.  (3) Elongating cell, which eventually formed the cell-cell contacts 

and formed capillary-like structures.  This type of cells experience aggregation, sprouting, 

elongating and form networks.  Figure 7 (b) shows the three different endothelial cell 

behaviors over time and Figure 7 (c) shows the major morphology changes over time 

between these three different type of cells.  Moreover, in order to discover the genotypic 

behaviors of these three different types of cells, our single cell mRNA gene detection 

technique was applied to study spatiotemporal distribution of mRNA gene expression 

during this capillary-like formation process.  Two LNA probes for Dll4 and Notch1 mRNA 

were designed to detect the relative gene expression levels.   A β-actin probe and a 

random probe were designed as positive and negative control, respectively.  
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Figure 7. Dynamic process of capillary-like structure formation.  (a) bright field and 

fluorescence field image series of CLS formation process.  Scale bar: 400 μm.  
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Fluorescence signal showed the β-actin mRNA expression over time.  (b) The 

morphology changes of three different types of cells over time.  (c)  Tracking of 

morphology changes of three representative cells over the time course of CLS formation.  

4.3 Investigation of genotypic behaviors of three different types of cells 

In order to investigate the molecular mechanism of endothelial cell during this CLS 

formation process, the spatiotemporal Dll4 mRNA expression of individual cells were 

monitored using LNA-GNR molecular probe.  As mentioned earlier, endothelial cells can 

be separated into three different types according to their activities during the early stage 

of CLS formation.  Here, we monitored the Dll4 mRNA expression dynamics of three 

different types of cells over time during CLS formation.  Figure 6 (a) showed the 

fluorescence image series with Dll4 mRNA expression dynamics of three different types 

of endothelial cells.  The cell morphology changes and Dll4 mRNA expression dynamics 

of six representative cells were traced and monitored to study the correlation between 

cell activity and mRNA gene expression.  The relative Dll4 expression dynamics of two 

aggregating cells, two sprouting cells and two elongating cells were quantified and 

compared, as shown in Figure 6 (b-d).  The results indicated these three different types 

of endothelial cells follow different genotypic pattern according to different genotypic 

pattern.  During the early stage of CLS formation, for the two aggregating cells, the Dll4 

expressions decreased at the beginning and kept stable; for the two sprouting cells, the 

Dll4 expression decreased at the beginning but increased gradually; for the two 

elongating cells, the Dll4 expression decreased at the beginning but increased to second 

peak and then decreased again.  Based on these Dll4 expression activities and 

endothelial cell activities, we discovered the following correlations between cell activity 
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and Dll4 mRNA gene expression, as shown in Table 1.  At the beginning, each cell has 

certain level of Dll4 mRNA expression, when the cell aggregates, the relative Dll4 mRNA 

level decreases, when the cell sprouts, the relative Dll4 mRNA level increases, and when 

the cell elongates to form CLS, the relative Dll4 mRNA level increases.   

Table 2 The correlation of cell activity and gene expression 

Cell activity Cell shape Dll4 mRNA  Random 

Beginning Round  ---- ---- 

Aggregating Round  Decrease  ---- 

Sprouting Eclipse  Increase  ---- 

Elongating CLS Decrease ---- 

 

Moreover, the expression of random probe of three different types of cells was also 

monitored during CLS formation process, as negative control.  Figure 5.5 (a) showed the 

fluorescence image series of random expression over time during CLS formation.  The 

morphology of six reprehensive cells including aggregating cell, sprouting cell and 

elongating cell were traced and labeled with different color.  Meantime, the expression of 

random probe of these three different types of cells were quantified and compared in 

Figure 5.5 (b), (c) and (d).  The results demonstrated the random probe has low and 

stable expression in all these three different types of cells, regardless of the cell 

morphology changes.  Figure 5.5 (d) showed the comparison of collective cell behavior 

of random probe expression in three different types of cells.  The results indicated that 

the fluorescence signal of random probe doesn’t change with the cell morphology 
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changes, which demonstrated the specificity of dynamic expression of Dll4 mRNA during 

CLS formation.  These results indicated the endothelial cell activity during CLS formation 

was related to the Dll4 mRNA expression activity.  Both of the phenotypic and genotypic 

cell behaviors follow the specific pattern according to endothelial cells’ role at the certain 

time point including aggregating, sprouting or elongating.  (1) When the endothelial cells 

aggregate, the cells migrate with certain displacement, the Dll4 mRNA expression 

decreases.  (2) When the endothelial cells sprout, the cells migrate with small 

displacement but the cell shape changes to a ellipse shape, the Dll4 mRNA expression 

begin to increase.  (3) When the endothelial cells elongate and form cell-cell contract with 

adjacent cells, the Dll4 expression decreased to a certain level and keep stable until the 

cell activity change to another stage.   

These population-level trends were quantitatively reproducible among the three 

independent trials.  More detailed phenotypic behavior and genotypic behavior tracking 

are shown in Appendix Figure 1, showing images over time until CLS formation.  The 

relative endothelial cell CLS formation process in both bright field and fluorescent field 

are shown in movie 1 and 2.    
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Figure 8 (a) Fluorescence image series of Dll4 mRNA expression dynamics over time 

during CLS formation.  (b-d) Dll4 mRNA expression dynamics of two representative 

aggregating cells, two sprouting cells and two elongating cells, respectively.  (e) 
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Comparison  of Dll4 mRNA expression of three different types of cells during CLS 

formation.   
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Figure 9 Fluorescence image series random probe dynamics over time during CLS 

formation.  (b-d) Fluorescence intensity of random probe for two representative 

aggregating cells, two sprouting cells and two elongating cells, respectively.  (e) 

Comparison of fluorescence intensity of random probe in three different types of cells 

during CLS formation.   

4.4 Intracellular Dll4 mRNA level determines EC roles during in vitro 

angiogenesis 

After the investigation of phenotypic and genotypic behaviors of endothelial cells, it is 

clear the endothelial cells follow a certain pattern to form capillary-like structures, and the 

phenotypic behavior (cell morphology) directly related to the genotypic behavior (Dll4 

mRNA expression) during this highly dynamic process of CLS formation.  However, what 

determines the cell fate during this highly dynamic process is still unclear, i.e., how the 

cells know when they would aggregate, sprouts, or elongate, whether the cell fate has 

been festinated at the beginning.  In order to investigate how the cells determine their role 

at the beginning, we quantified the Dll4 mRNA expressions of 100 cells at the time point 

of 0 min when the cells were seeded.  We categorized the 100 cells with relative Dll4 

mRNA expression into three different types according to our earlier categorization.  For 

each type of cells, we quantified the relative Dll4 mRNA level.  Figure 10 (a-c) showed 

the aggregating cell, sprouting cell and elongating cell with different Dll4 mRNA 

expression levels, respectively.  Figure 10 (d-f) showed the histogram of Dll4 mRNA 

expression of aggregating cells, sprouting cells and elongating cells.  These histograms 

of Dll4 mRNA expression indicated that each type of endothelial cells follow a unique 

pattern: (1) the Dll4 mRNA levels of aggregating cells  
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Figure 10 (a-c) Dll4 mRNA expression levels of the aggregating cell, sprouting cell and 

elongating cell, respectively.  (d-f) showed the histogram of Dll4 mRNA expression of 

aggregating cells, sprouting cells and elongating cells.   

mainly stay in the range of 300-400 a.u., which means 75% of these type of cell has a 

lower level of Dll4 mRNA expression.  (2) Compared to aggregating cells, around 80% of 

sprouting cells have a high level of Dll4 mRNA expression within the range of 400-500 

a.u..  (3) For elongating cells, the Dll4 mRNA levels are mainly highly than 500 a.u., with 

around 50% of this type of cells have the Dll4 expression of 500-600 a.u., 20% with the 
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range of 600-700 a.u, and about 10% with the range of over 700 a.u.. From the histogram 

results of Dll4 expression of three different type of cells, we discovered that the Dll4 

mRNA level of endothelial cells mainly determines the cell fate during this CLS formation 

process.  In summary, during this early stage of CLS formation process, the cells with 

lower level Dll4 mRNA expression will mainly aggregate; the cells with middle level Dll4 

mRNA expression will aggregate and sprouts; the cells with higher level of Dll4 mRNA 

expression will aggregate, sprouts, and elongate.  Understanding the molecular 

mechanism of endothelial cells during this in vitro vasculogeneiss assay plays an 

important role for further investigation of tip cell formation in tissue morphogenesis and 

angiogenic process, which plays a critical role in the field of vascular development and 

regenerative medicine.  

4.5 Regulation of capillary morphogenesis during in vitro angiogenesis  

Regulation of endothelial tip cell formation in capillary morphogenic processes plays a 

critical role in the field of developmental biology and regenerative medicine.  Dll4/Notch 

1 signaling pathway has been demonstrated to be an critical pathway which regulate tip 

and stalk cell formation.  It has been reported that endothelial tip cells have high Dll4 

mRNA gene expression compared to stalk cells in vivo.  To study the regulation of tip 

cells during capillary formation in vitro, the expression of Dll4 mRNA in capillary-like 

networks of HUVECs were studied using this GNR-LNA assay.  First, HUVECs were 

treated with DAPT (an inhibitor of the Notch signaling pathway) and Jagged1 (a Notch 

ligand) to study the modulation of capillary morphology and Dll4/Notch 1 signaling 

pathway regulation.  The dynamic process of this CLS formation with these DAPT and 

Jagged1 treatments were monitored and compared.  Figure 11 (a-d) showed bright-field 
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and fluorescence images of the capillary-like networks formation at the time point of 4 

hour, 8 hour, 12 hour and 16 hour, without treatment, with DAPT and with Jagged1 

treatment, respectively.  Meantime, the cell viability of endothelial cells with and without 

GNRs during this CLS formation were evaluated and compared.  As shown in Figure 11 

(e), there is no significant difference between the cell viability of endothelial cells with and 

without GNR even after 48 hours incubation, which enables the capability of GNR-LNA 

probe for long term study of this CLS highly dynamic process.   

The regulations of capillary morphology during this CLS formation process with three 

different treatments were quantified by comparing the mean chord length, Figure 11 (f).       

DAPT treatment induced tip cell formation, which resulted in denser networks and a 

shorter mean chord length.  In contrast, Jagged1 treatments displayed the opposite effect, 

which inhibited the formation of tip cells and formed large networks.  Figure11 (g-h) 

compared the Dll4 mRNA gene expression and random probe in three different 

treatments at different time points by measuring fluorescent intensities.  The results 

revealed that the random probe has showed low fluorescent intensity in the cells with or 

without treatments at different time points.  Dll4 mRNA gene expression in the endothelial 

cells varied due to different treatments.  The Notch signaling inhibitor, DAPT, upregulated 

Dll4 mRNA gene expression, while Jagged1 treatment reduced the Dll4 mRNA gene 

expression.  The upregulation of Dll4 mRNA expression with the treatment of DAPT was 

mainly due to the denser networks with increased tip cells.  The downregulation of Dll4 

mRNA expression with the treatment of Jagged1 was due to the less tip cells with sparse 

networks.  Meantime, both the mean chord length and Dll4 mRNA gene expression 
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increased over time, which double verified our hypothesis that cell activity direct relates 

to Dll4 mRNA expression.   
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Figure 11. (a-d) Bright and fluorescent field images of capillary-like networks with the 

treatment of control, DAPT and Jagged1 at the time point of 4 hour, 8 hours, 12 hour and 

16 hour, respectively.  (e) Cell viability comparison in cells with and without GNRs over 

time.  (f) Mean chord length comparison over time in three different treatments at different 

time points.  (g) Mean fluorescent intensity comparison of Dll4 mRNA expression in 

capillary networks with three different treatments.  (h) Mean fluorescent intensity 

comparison of random in capillary networks with three different treatments.   

Furthermore, the molecular mechanisms of pharmacological regulation of capillary 

morphology were investigated by analyzing of single cell Dll4 mRNA gene expression.  

Figure 12 (a) showed the histogram of fluorescent intensity of random probe in endothelial 

cells with three different treatments, and Figure 12 (b) showed the distribution of mRNA 

Dll4 gene expression with three different treatments.  For the random probe, in all three 

different treatments, the fluorescent signal was low and intensity distributed mainly at the 

range of 50-150.  For the Dll4 probe, the distribution of Dll4 mRNA expression in single 

cells varied with different treatments.  Figure 12 (c-d) showed the cumulative probability 

of random expression and Dll4 mRNA expression, respectively.  The cumulative 

probability comparison results revealed that the Dll4 mRNA expression distribution 

changed due to different treatments.  With the treatment of DAPT, the Dll4 mRNA 

expression distribution shifted to the right, while the distribution curve shifted to the left 

with the treatment of Jagged1.  However, the fluorescence intensity distribution of random 

probe in capillary networks didn’t show significant difference with three different 

treatments.  In order to further investigate the correlation between capillary morphology 

regulation and Dll4 mRNA gene expression a,  
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Figure 12.  (a) Histogram of fluorescent intensity distribution of random probe in 

endothelial cells with the treatments of control, DAPT and Jagged1.  (b) Histogram of Dll4 

mRNA expression in endothelial cells with the treatments of control, DAPT, and Jagged1.  
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(c) Cumulative probability of random probe expression and Dll4 mRNA gene expression 

comparison with the treatments of control, DAPT, and Jagged1.  (e) Two peaks 

distribution of random probe intensity in capillary networks with three different treatments.  

(e) Two peaks distribution of Dll4 mRNA expression in capillary networks with three 

different treatments.   

the distribution of Dll4 mRNA expression of capillary networks with different treatments 

were compared.  Figure 12 (e-f) showed two peaks distribution of random probe intensity 

and Dll4 mRNA expression in capillary networks with three different treatments, 

respectively.  The peak and percentage results revealed the Dll4 mRNA expression 

distribution changes with different treatments.  Without any treatments, the Dll4 mRNA 

expressions in capillary network follow a certain pattern, with 88% of peak1 and 12% of 

peak2.  With the treatment of DAPT, the Dll4 mRNA expression distribution of peak1 drop 

to 70% while that of peak2 increased to 30%.  Oppositely, with the treatment of Jagged1, 

the Dll4 mRNA expression distribution of peak1 increased to 93% while that of peak2 

decreased to 7%.  In conclusion, the regulation of capillary morphology can be 

summarized as: (1)DAPT, inhibitor of Dll4/Notch 1 signaling pathway, inhibits Dll4/Notch 

1 activity during capillary-like structures formation thus increased the density of networks 

with shorter mean chord length.  Meantime, the Dll4 mRNA expression was upregulated.  

(2) Jagged1, enhancer of Dll4/Notch 1 signaling pathway, promote Dll4/Notch 1 activity 

during capillary-like structures formation thus decreased the density of networks with 

longer mean chord length.  Meantime, the Dll4 mRNA expression was downregulated.  
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Under pharmological conditions, short-term administration of ɣ-secretase inhibitors, 

which potently block Notch signaling pathway or pharmacological inhibition of Dll4/Notch 

interactions with a neutralizing antibody dramatically increases tip cell formation, 

sprouting, branching and filopodia formation at the leading front of the retina vascular 

plexus in development, which resulting in a much denser and more interconnected plexus.   

This results indicated that this supersprouting correlates with the increased number of 

active tip cell formation and the increased number of endothelial filopodia protrusions, 

indicating Notch signaling inhibit tip cell formation during angiogenic sprouting, and 

increased tip cell formation in the absence of Notch signaling.   Both the pharmacological 

inhibition and genetic studies has demonstrated that Dll4/Notch signaling pathway 

critically regulates tip/stalk ratio by suppressing tip cell formation in adjacent cells.  

Meanwhile, Notch gain-of-function studies further support this hypothesis: activation of 

Notch signaling using a synthetic Jagged1 ligand peptide reduces cell sprouting, tip cell 

formation, filopodia formation and branching, indicating a decrease in the number of tip 

cells, filopodia, and looser vasculature structures.  This synthetic Notch ligand Jagged1 

at the tip cell activate Notch in stalk cells, which regulate VEGF receptor expression to 

prevent new sprout formation.   

4.6 Summary 

The GNR-LNA probe was designed and demonstrated to detect individual living cell gene 

expressions in HUVECs during capillary-like networks formation.  GNR-LNA probe was 

applied to investigate the spatiotemporal Dll4 mRNA gene expression during capillary-

like network formation process.  The regulation of Dll4/Notch 1 signaling pathway during 

tip cell formation in the tube formation assay and photothermal ablation assay was studied 
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by tracking the spatiotemporal Dll4 mRNA gene expressions.  Experimental results 

demonstrated that DAPT treatments can upregulate the Dll4 expression while Jagged1 

can downregulate the Dll4 expression.  These results demonstrate the general 

applicability of the GNR-LNA for investigating complex morphogenic processes.  In 

summary, the ability of single cell gene expression detection provides a powerful 

approach for systematic investigation of capillary morphogenesis.  Since the complex 

spatiotemporal dynamics is a hallmark of tissue morphogenesis, the multimodal GNR-

LNA approach will enable an effective platform for investigating various tissue 

morphogenic processes.   
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CHAPTER 5 MECHANOREGUALTION AND 

MECHANOTRANSDUCTION OF TISSUE MORPHOGENESIS 

5.1 Mechanical perturbation for probing tissue morphogenesis 

Mechanical perturbation influences various cell functions, including proliferation, 

migration, differentiation, and ECM remodeling (Table 2).  Tissue deformation that occurs 

naturally in muscular and cardiovascular systems regulates various tissue morphogenic 

processes. 50, 51  Mechanical stretching of rat microvascular endothelial cells enhanced 

the production of MMP-2, MT1-MMP, HIF-1α, HIF-2α and VEGF at both the 

transcriptional and translational levels. 52  Stretching also induced an increase in 

intracellular Ca2+ concentration and traction forces of NIH-3T3 fibroblasts via stretch-

activated ion channels. 53  In addition, physical stimulation with a mechanical probe may 

also be applied to create local mechanical stress and injury to individual cells in the tissue. 

54,55,56  A mechanical probe with comb-drive (capacitive) force measurement, for instance, 

has been utilized to study mechanical stimulation-induced intercellular calcium 

communication in microengineered endothelial networks. 57 , 58   Endothelial cells 

collectively regulated their calcium levels against a large range of probing forces and 

repeated stimulations.  Moreover, endothelial cells on elastic gels were shown to have 

active calcium responses when stimulated with a vibrating probe. 59  The mechanical 

stimulation caused deformations over a distance from the probe and the cells sensed the 

local stimulation.  
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Table 3. Biomechanical effects on tissue morphogenesis 

Mechanical 
Perturbations 

Tissue or Cell Type Approach Tissue or Cell Response 

Mechanical 
Stretch  

Rat microvascular 
endothelial cells,  
Sprague-Dawley rats 

Overload Rat extensor 
digitorum longus (EDL) 
muscles 

Increased capillary number 

Fibroblast Stretch elastic gel 
Increase leading edge proliferation,  proliferation 
rate  

Optical 
Technique 

HUVECs 
Manipulate fibronectin-
coated beads 

Rapid distal Src activation and slower directional 
wave propagation of Src activation  

HMVECs 
Apply tensile and 
compressive force 

Increased capillary growth  

ECs, Drosophila embryos Laser ablation 
Increase cell migration, neural regeneration, 
morphgenic movement  

Magnetic 
Technique 

HUVECs Adjust magnetic fields 
Accelerate cell migration, regulate migration 
direction 

Smooth muscle cells 
Uniform-gradient magnetic 
manipulator 

3-D cellular deformation  

Drosophila embryos 
Manipulate magnetic 
particles 

Compression of stomodeal cells  

Microposts Magnetic microposts Increase in local focal adhesion size  

Shear Stress 

Rabbit ear chamber, Rat 
microvascular endothelial 
cells, Sprague-Dawley 
rats 

Parallel plate flow chamber 
Increased capillary density, capillary number, 
and capillary growth rate  

BAEC, HUVECs, bovine 
pulmonary 
microvascular 
endothelial cells 

Parallel plate flow chamber 
Enhanced sprouting, Directional assembly 

directs cell sprouting  

 

5.1.1 Optical Techniques 

Optical techniques can generate mechanical perturbations with subcellular resolution.  As 

an example, Src activities in single endothelial cells could be activated mechanically by 

laser tweezers with fibronectin-coated beads. 60 Optical tweezers in a microfluidic system 

generated tensile and compressive forces for studying focal adhesion recruitment in 

endothelial cells. 61  In particular, mechanical force was applied to the ECM-integrin-

cytoskeleton linkage by trapping and manipulating functionalized beads.  In addition to 

laser tweezers, photoablation of cells and subcellular structures with lasers represented 

another powerful approach in modulating cell mechanics with subcellular resolution.62 
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Cell ablation may be applied to disrupt the mechanical interactions between cells and 

perturb specialized cells in the morphogenic process.  For disrupting the cytoskeleton, 

fluorescent proteins, such as actin-GFP, were used to visualize the cytoskeletal structure 

and lasers were applied to ablate or disrupt the cytoskeleton.  Femtosecond lasers with 

multi-photon absorption enabled fine resolution (< 300 nm) and minimized damage to 

surrounding structures.  The photoablation technique has been utilized for investigating 

various tissue morphogenic processes, such as collective cell migration, 63  neural 

regeneration, and morphogenic movements in Drosophila embryos.64  

5.1.2 Magnetic Technique 

Magnetic tweezers are employed to apply mechanical forces to living cells and tissues 

via external magnetic field gradients. 65 Intracellular forces on endothelial cells are 

generated under different magnetic fields after cellular uptake of superparamagnetic iron 

oxide nanoparticles.  The intracellular magnetic force accelerates cell migration and 

regulates cell migratory direction via adjusting magnetic fields and increasing the cell free 

culture space. 66  Moreover, three-dimensional cellular deformation was studied by 

applying uniform forces to a large cell population via a uniform-gradient magnetic 

manipulator. 67  Magnetic particles were injected into Drosophila embryos for in vivo 

studies of tissue deformation.  The mechanical compression of stomodeal cells in embryo 

mimicked the physiological deformation experienced by stomodeal cells due to germ 

band extension at the onset of gastrulation, which could upregulate Twist expression in 

the stomodeal primordium.68 Magnetic microposts were also employed to exert a step 

force that led to an increase in local focal adhesion size at the site of application but not 

at nearby nonmagnetic posts.69 
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5.1.3 Shear Stress 

Endothelial cells are subjected to shear stress generated by blood flow.  Shear stress can 

modulate cell migration, proliferation, gene expression and morphology of endothelial 

cells.70, 71 Thus, wall shear stress can be generated to investigate the effects of dynamic 

shear on the development and remodeling of the vasculature.  A parallel plate flow 

chamber may be utilized to study the effects of shear stress on capillary-like tube 

formation.  Endothelial cells on matrigel experienced high shear stress, resulting in 

aligned tubular structures along with the direction of fluid flow.   Shear-stress dependent 

regulation was, at least partially, induced by VEGF expression. 72,73,74,75  Fluid forces 

generated by shear stress may also attenuate endothelial cell sprouting in a nitric oxide-

dependent manner. Interstitial flow directs cell sprouting and cell morphology, and 

therefore regulates capillary tube formation.  Moreover, fluidic shear stress (3 dyn/cm2) 

enhanced the sprouting of bovine pulmonary microvascular endothelial cells in a 3D 

culture model. 76 In vivo, the effects of fluid shear stress in capillary vessel growth were 

first investigated in rat skeletal muscle and rabbit ear chamber. 77, 78 Externally applied 

wall shear stress was shown to stimulate angiogenesis via induction of VEGF expression 

by HIF-1α via the PI3K-dependent Akt phosphorylation pathway.   

Microfluidic technology provides powerful tools for investigating the effects of fluidic shear 

stress on tissue morphogenesis in 2D and 3D models.79 Fluid shear can be applied to 

perturb diffusible gradients in the microenvironment, thereby isolating biomechanical 

mechanisms from other biochemical mechanisms, e.g., reaction-diffusion.  For instance, 

microfluidics was utilized to identify autocatalytic alignment feedback in the long-range 

organization of myotube development. 80  While diffusible factors are essential in the 
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alignment process, re-circulation of the media results in normal cell fusion and long-range 

alignment, eliminating diffusible factors from the cell alignment mechanism.  Furthermore, 

a microfluidic wound healing assay was developed to wound the monolayer and test the 

effects of shear stress on cell migration.  

5.2  Rho kinase activity  

In this section, we applied our GNR-LNA probe to study Mechanoregulation and 

mechanotransduction of tissue morphogenesis and angiogenesis.  Mechanical and 

chemical regulations of capillary morphogenesis are being investigated in both in vitro 

capillary-like network formation assay and in vivo mice retina angiogenesis assay.  A 

GNR-based photothermal ablation assay is developed to induce angiogenic sprouting for 

investigating the mechanical regulation of tip-stalk cell regulation by Dll4-Notch signaling.  

The ability of intracellular gene expression detection after photothermal ablation provides 

a unique and promising approach for systematically investigating the mechnoregulation 

of tip cell formation after injury.  

The Rho kinases (ROCKS, ROCK ǀ and ROCK ǁ), which are the Rho kinase isoforms, 

were first discovered as downstream targets of GTP-binding protein Rho by mediating 

RhoA-induced actin cytoskeletal changes through effects on myosin II regulatory myosin 

light chain phosphorylation (MLC) which is important for cell motility and cytokinesis.  The 

ROCK ǀ and ROCK ǁ have been demonstrated as key regulators of angiogenesis by 

mediating a diversity of important cellular processes, including cell morphology, cell 

motility, cell secretion, cell proliferation, migration and ECM remodeling. 81,82,83,84  It is 
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likely to believe that Rho pathway interact with other well-known pathways to contribute 

to cardiovascular diseases.  

A ROCK/Rho-kinase inhibitor, Y27632, is known to suppress MRLC phosphorylation and 

disrupts stress fibers.  It also induces cofilin dephosphorylation, leading to activation of 

its actin filament-depolymerizing activity. 85,86,87  Blebbistatin is a small molecule inhibitor 

discovered in a screen for inhibitors of nonmuscle myosin IIA. 88 Blebbistatin inhibits the 

actin-activated MgATPase activity and in vitro motility of class II myosins. In cells, it has 

been shown to inhibit contraction of the cytokinetic ring.  Endothelial cell cultures treated 

with Y27632 (10 μM) had altered cell shape and decreased actin stress fibers, focal 

adhesions, and protein phosphotyrosine staining. In addition, the cellular permeability 

increased and myosin light-chain phosphorylation decreased, indicating that the cells 

were stressed.  The complex shape of blebbistatin-treated ECs precluded reliable 

quantification of branch initiation. However, together these data show that contractility via 

Rho- and ROCK mediated myosin II activity and/or ECM stiffness inhibits EC branching 

by both blocking pseudopodium initiation and retracting branches after their successful 

initiation.  Blebbistatin causes focal adhesions to shrink into dot-like focal complexes while 

traction forces decrease dramatically, probably as a consequence of the loss of ‘inside-

out’ signaling, whereby intracellular myosin-II-dependent contractility enhances the 

assembly of focal adhesions. 

However, it is still not clear whether Rho pathway interact with Notch signaling pathway 

during sprouting angiogenic process.  
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5.4 Mechanoregulation of tissue morphology through Notch pathway 

Mechanoregulation of tissue morphology and tip cell formation were investigated to study 

Dll4/Notch1 pathway during in vitro and in vivo angiogenic process.  Mechanical 

perturbations were applied during endothelial cells capillary-like network formation 

process.  Endothelial cells were treated with ROCK inhibitor Y27632 and myosin inhibitor 

blebbistatin before the capillary-like network formation to reduce cell traction force.  

Moreover, Nocodazole, a microtubule de-polymerization agent, can induce traction force 

through a myosin- II independent, FAK-regulated pathway.  Meanwhile, Calyculin-A, an 

inhibitor of myosin light chain (MLC) phosphatase, induces tyrosine phosphorylation of 

p125 (Fak) in a sharply concentration- and time-dependent manner.   Calyculin-A induces 

transient focal adhesion assembly and tyrosine phosphorylation of p125(Fak), p130(Cas), 

and paxillin, acting downstream of ROCK.  Nocodazale and calyculin-A were used to 

increase cell traction force.   

In order to investigate the effects of mechanical perturbation on Notch signaling pathway 

and the tissue morphogenesis, endothelial cells were treated with Y-27632, Blebbistatin, 

Nocodazole, and Calyculin-A, and then were used to form capillary-like networks.  We 

monitored the morphology differences, Dll4 mRNA and Notch1 mRNA expression during 

capillary-like network formation process.  Figure 13 (a) showed the capillary-like networks 

formed by endothelial cells with different treatments.  With the treatment of ROCK inhibitor 

Y-27632, the endothelial cell motility and migration were suppressed due to suppression 

of myosin light chain kinase and stress fiber, which resulting in the reduction of the VEGF-

induced capillary tube formation, indicating the endothelial cells cannot form normal 

capillary-like structures due to ROCH inhibition.  Compared to control, ROCK inhibitor Y-
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27632 and myosin inhibitor blebbistatin treated endothelial cells formed denser capillary-

like structures with shorter mean chord length and increased filopodia formation.  During 

this Capillary-like formation process, endothelial cells migrate into the area that directly 

chemotactically by angiogenic factors (VEGF-A).  It has been reported that Rho GTPase 

regulate cell migration through control of the cytoskeleton, with the migration process 

dependent upon reorganization of the actin cytoskeleton, changes in the adhesion to the 

ECM, and the link between the two transmembrance proteins.  During CLS formation 

process, endothelial cells experiences several steps: (1) endothelial cells attach to ECM 

and form the cell-ECM adhesion, (2) cell protrusions, filopodia, are extended in a direction 

away from the cell according to the VEGF-A gradient, (3) cell migrate, sprout, and form 

cell-cell connections.  Moreover, endothelial cell treated with nocodazole, which induce 

traction force via microtubule depolymerization, 89 formed looser capillary-like structures 

compared to control.  Meantime, endothelial cells treated with calyculin-A showed stiffer 

and bigger capillary-like structures due to inducing transient focal adhesion assembly.    

The experimental results showed that by decreasing cell traction force, the endothelial 

cells form denser capillary-like networks with the mean chord length of 120 µm, while the 

endothelial cells form looser capillary-like networks with mean chord length of 200 µm.  

The mean chord length without any treatments is around 160 µm, Figure 13 (c).  The 

results showed that the morphology of capillary-like networks can be adjusted by 

increasing or decreasing cell traction force, which indicated that mechanical force 

regulate tip cell formation and tissue morphology during in vitro endothelial cells tube 

formation process.  Biophysical perturbation of endothelial cells during capillary-like 

network formation can cause changes of tissue morphology, which indicating mechanical 
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force inhibit tip cell formation during in vitro angiogenesis.  Meantime, whether mechanical 

regulation through Notch1 pathway still remains unclear.  In order to investigate the 

Notch1 signaling pathway during biophysical perturbation, both the Dll4 and Notch1 

mRNA expression during this CLS formation process were monitored and compared by 

quantifying the fluorescent intensities,  as shown in Figure 13 (b) and (d).  Compared to 

the control, Y-27632 and Blebbistatin treated endothelial cells expressed more Dll4 and 

Notch1 mRNA, while the endothelial cell treated with nocodazole and cyliculin-A showed 

less Dll4 and Notch1 mRNA expression.  Meantime, random probe was used as negative 

control, and the fluorescent intensities showed no significant differences with or without 

any treatments.  These results demonstrated the Dll4 and Notch1 mRNA expression were 

increased by reducing cell traction force, while the relative mRNA expressions were 

decreased by increasing cell traction force.  All the above experimental results indicate 

that mechanical force modulate tip cell formation may through Dll4/Notch1 signaling 

pathway.   
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Figure 13. (a) Capillary-like networks comparison with the treatment of Y27632, 

Blebbistatin, nocodazole and calyculin-A. (b) Dll4 and Notch1 mRNA gene expression in 

capillary-like networkds with different treatment.  (c) Mean chord length comparison of 

networks with different treatment.  (d) Dll4, Notch1, Random expression comparison with 

different treatments.    
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DAPT, a γ-secretase inhibitor, has been identified that effectively reduce the cleavage 

of APP, thus the signal transduction from the intracellular domain of Notch (NICD), which 

plays an essential role in the cell fate decision, cell growth and cell differentiation, was 

inhibited. 90, 91 This γ-secretase inhibitor inhibit the release of NICD from membrane, thus 

the NICD cannot translocate into nucleus, thus cannot initiate HES1 gene transcription, 

which inhibit cell differentiation.  It has been demonstrated that endothelial cell treated 

with DAPT during capillary-like formation process form more filopodia and form much 

denser networks compared to the untreated cells.  Moreover, the Dll4 and Notch1 mRNA 

expression distribution were interrupted due to the γ-secretase inhibitor.  Our previous 

data, Figure 11, have showed the upregulaiton of Dll4 and Notch1 mRNA expression in 

the capillary-like network forming endothelial cells due to the γ-secretase inhibition.  The 

increased Dll4 mRNA expression mainly because of: (1) the increased number of tip cells, 

(2) the increased Dll4 mRNA expression in tip cells due to the cleavage of binding to 

notch receptor.  Moreover, the effects of DAPT were further investigated by using mice 

retina angiogenesis assay and compared with different drugs.   

Activation of Notch pathway via Jag1 peptide mediate Dll4 expression  

Jag1 is Notch ligand, a peptide that can activate Notch receptors, which can lead to the 

cleavage of the NICD to the cytosol by γ-secretase, NICD can then translocate into the 

nucleus to regulate gene transcription, including inducing the HES1 mRNA expression 

thus promote cell proliferation and differentiation 92,93.  Moreover, Jag1 peptide activated 

Notch pathway mediate the spatial Dll4 expression distribution in endothelial cell formed 

capillary-like structures in ECs.    
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We activated the Notch pathway, with a synthetic peptide derived from Notch1 ligand 

Jag1 and then determined Dll4 gene expression. Addition of Jag1 peptide to sub-

confluent HUVECs, which mimics engagement of Notch receptor and ligand in cell-cell 

contact, activated the Notch pathway, as indicated by formation of the Notch intracellular 

domain and up-regulation of Notch target gene Hes-1 in a time-dependent manner.  

Concomitantly, Jag1 peptide significantly reduced Dll4 mRNA levels. A scrambled Jag1 

peptide had no effect on Dll4 expression. Our previous data (Figure 11) showed the 

downregulation of Dll4 mRNA expression in ECs during capillary-like formation due to the 

activation of Notch pathway, including less tip cells and wider network structures.   During 

mice retina blood vessel development, the Jag1 peptide treated retina showed wider 

blood vessel structures, indicating decreased the number of tip cells, decreased blood 

vessel density, and decreased the number of sprouts per field, figure 14.  Immunostaning 

results (Figure 15) showed the Dll4 protein level in tip cells were upregulated, while the 

Dll4 expression in the stalk cell were greatly decreased and the overall Dll4 protein level 

showed no significant difference compared to control, which indicating Jag1 activated 

Notch pathway reorganized the Dll4 expression.   

5.5 Inhibition of Rho Kinase Mediate Notch Signaling pathway 

RhoA or Rho kinase mediate VEGF-induced angiogenesis.  RhoA activity is necessary 

for the VEGF-induced reorganiziton of F-actin cytoskeleton.  

RhoA or Rho kinase mediate Notch pathway, inhibition of Rho activity promote VEGF-

induced angiogenesis by inhibiting Notch signaling pathway.  Inhibitor of Rho kinase, Y-

27632, enhance activation of VEGF receptor VEGFR2/DKR 94,95 in all cells, thus inducing 
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expression of Dll4 in individual cells conferring a cell-tip phenotype, meanwhile, the Notch 

expression in adjacent ECs was suppressed due to hyperactivation of VEGFR expression 

and mediate preventing these cells from conversion into tip cells.  This was substantiated 

experimentally by: (1) Pharmacological inhibition of Rho-dependent kinase ROCK I/II 

enhances activation of VEGF-induced EC sprouting and tube formation in 2D HUVEC 

capillary-like structure formation model.  Experimental results indicated the Rho kinase 

inhibitor Y-27632 reduced the mean chord length of VEGF-induced capillary-like 

structures and induced sprouting by inhibiting Notch signaling pathway.  (2) Inhibition of 

Rho-dependent kinase ROCK I/II enhances retinal vascular angiogenesis.  Treatment 

with Rho kinase inhibitor, Y-27632, leads to abnormal retinal blood vessel structures, 

including increased branch points, vascular density, and increased vascular sprouts in 

the peripheral part of the developing retinal vascular plexus, indicating Rho kinase 

activities interferes with Notch signaling pathway, Rho kinase inhibitor mediate Notch 

signaling pathway.  (3)  Rho kinase inhibition mediate Notch pathway via activation 

expression of Dll4.  Endothelial cells treated with Y-27632 showed upregulated Dll4 

mRNA and Notch1 mRNA expression due to hyperactivation of VEGFR during capillary-

like structure formation model.  In mice retina vascular development assay, 

immunostaining results revealed increased overall Dll4 expression, including increased 

Dll4 level in both tip cells and stalk cells.  Inhibition of Rho kinase enhance notch ligand 

Dll4 expression in tip cells via activation of VEGF receptor, while Dll4 expression in 

adjacent cells was enhanced due to suppression of Notch expression, Figure 15.  (4) 

mechanoregulation of tissue morphology partially through Notch pathway.  In mice retina 

vascular development assay, treatment with Rho kinase inhibitor Y-27632 and γ-



89 

 

secretase inhibitor DAPT leads to increased vascular density, branch points and sprouts 

in the front of plexus compared to control, however, there is no significant difference 

compared to only Y-27632 treatment or DAPT treatment, indicating Rho kinase inhibition 

enhance VEGF-induced angiogenesis via inhibiting Notch pathway.  Moreover, treatment 

with Rho kinase inhibitor Y-27632 and Jag1 peptide showed decreased vascular density, 

decreased branch point and sprouts compared to Y-27632 treatment, indicating Jag1 

peptide promote Notch pathway partially reversed the effects of Rho kinase inhibition.   

One significant discovery is that there is no significant difference between the combination 

treatments of Y-27632 and Jag1 and control.   

All these results above suggested there is link between Notch signaling pathway and Rho 

kinase activity, and mechanogregulation of tip cell formation during in vitro and in vivo 

model partially through Notch signaling pathway.  Figure 14 showed the comparison of 

retinal vascular structures with treatment of Y-27632, DAPT, Jag1, Y-27632 and DAPT, 

and Y-27632 and Jag1.  (a-b) showed the retina blood vessel structures stained with 

Isolectin B4 with magnification 4x and 20x, respectively.  (c-d) showed the quantified 

results of branch points, vessel density, and sprouts per field.   
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Figure 14.  The comparison of retinal vascular structures with treatment of Y-27632, 

DAPT, Jag1, Y-27632 and DAPT, and Y-27632 and Jag1.  (a-b) showed the retina blood 

vessel structures stained with Isolectin B4 with magnification 4x and 20x, respectively.  (c) 

showed the quantified results of branch points, vessel density, and sprouts per field with 

the treatment of Y-27632, DAPT, and combination of Y-27632 and DAPT.  (d) showed 

the quantified results of branch points, vessel density, and sprouts per field with the 

treatment of Y-27632, Jag1, and combination of Y-27632 and DAPT.  Field size: 1mm * 

1mm.  
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Figure 15.  Pharmlogical regulation of tip cell formation via Notch pathway with the 

treatments of Rho kinase inhibitor Y-27632,  ɣ- secretase inhibitor DAPT and Jag1 peptide. 

(a) the distribution of Dll4 expression in retina blood vessel.  (b) the distribution of Dll4 

expression in tip and stalk cells in sprouting retina blood vessel. (c) Comparison of mean 

intensity of Dll4 expression with different treatments.  (d) Comparison of tip cell intensity 

of Dll4 expression with different treatments.  (e) Comparison of stalk cell intensity of Dll4 

expression with different treatments.  Error bars, SD, *, P<0.05, **, P<0.001, ***, 

P<0.0001. 
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5.6 Rho kinase activity negatively regulate Dll4-Notch lateral inhibition by 

mediating Notch pathway 

In order to investigate the effect of Rho kinase inhibitor on Dll4-Notch later inhibition 

during retina blood vessel development, the distribution of Dll4 expression in tip and stalk 

cells were quantified and compared with the treatments of Y-27632, DAPT and Jag1.  

With the treatment of Y-27632, the overall expression Dll4 was upregulated including the 

expression both in tip and stalk cells, which indicating the Dll4-Notch lateral inhibition was 

mediated due to the inhibition of RhoA activity.  With the interruption of Notch pathway by 

using ɣ-scerease inhibitor DAPT, the Dll4-Notch lateral inhibition was interrupted with the 

increased Dll4 expression both in tip and stalk cells, and there is no significant difference 

of the Dll4 expression between the tip and stalk cells.  With the treatment of Jag1 peptide,  

the Dll4-Notch lateral inhibition was enhanced due to the activation of Notch pathway via 

increasing the notch ligand receptor, thus the Dll4 expression in tip cells was greatly 

increased while the Dll4 expression in stalk cells was greatly decreased, with the overall 

Dll4 expression did not show significant difference compared to control.  Moreover, the 

enhanced Dll4-Notch lateral inhibition also suppress the tip cell formation during the 

developmental process, which inducing less branch points, vessel density, and less 

sprouts per field.  All the results above indicated that: (1) Dll4-Notch lateral inhibition 

regulate tip/stalk cell selection during retinal blood vessel development, 96,97 (2) Dll4-

Notch lateral inhibition regulate tip/stalk selection via regulation of Dll4 expression in tip 

and stalk cell,  98 , 99 (3) Rho kinase inhibitor mediate Dll4-Notch lateral inhibition by 

mediation of Notch pathway, (4) ɣ- secretase inhibition interrupt Dll4-Notch lateral 

inhibition via inhibiting notch pathway, (5) Synthetic Jag 1 peptide enhance Dll4-Notch 
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lateral inhibition via activation of Notch pathway.   In a word, Dll4-Notch lateral inhibition 

is necessary in retina vascular development and can be regulate by Rho kinase activity.   

5.7 Mechanoregulation and mechanotransduction of tissue morphogenesis 

It has been demonstrated in our previous study that RhoA activity negative regulate Notch 

pathway via activation of VEGF receptor.  In order to study whether mechanical force (cell 

traction force) regulate endothelial cell behavior via notch pathway, we applied physical 

perturbation and pharmologicla perturbation study tip cell formation during in vitro 

angiogenesis.  Six groups of experiments, including (1) Control, without any treatments 

or laser ablation, (2) Y-27632, endothelial cell treated with Y-27632 during CLS formation 

process, (3) laser ablation, photothermal ablation was applied after the formation of EC 

based capillary-like structures, (4) laser ablation and Y-27632, endothelial cell were 

treated with Y-27632 to suppress stress and MLCK, and photothermal ablation was 

applied to disturb the network strutures, (5) laser ablation and Nocodazole, endothelial 

cell treated with Nocodazole to induce traction force, laser ablation was applied to 

mediate cell traction force after the capillary-like structures formed,  (6) laser ablation and 

Jag1 peptide, endothelial cells were treated with Jag1 peptide during CLS formation, and 

laser ablation was applied to impair the capillary-like networks.  Meantime, in order to 

study the mechanoregulation and mechanotransduction during in vitro angiogenesis, the 

following endothelial cell behaviors were quantified and compared in these six groups.  

(1) ablation length per laser pulse.   Individual cells in the capillary-like networks can be 

ablated by localized photothermal effects.  Upon laser illumination, the capillary network 

was impaired and retraction of cells were observed suggesting tensile stress in the 

network.  With the different treatments to modulate the cell traction forces, the responses 
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of the ablated cells are different due to the perturbation of the cell traction force, thus the 

ablation length caused by cell retraction are different.  (2) Number of induced filopodia 

per 1 mm tube length.   (3) Number of induced tip cells per 1 mm tube length.  (4) Dll4 

and Notch1 mRNA expression change after laser ablation.  (5) Dll4 mRNA distribution 

after laser ablation with different treatments.  

Table 4.  Comparison of different drug effect under the laser thermal ablation 

 
Effects of 

traction force  

# of 

filopodial  
# of tip cells  Notch pathway  Dll4 expression 

Control ----- ----- ----- ----- ----- 

Y-27632 Decrease  Increase  Increase Mediate  Increase 

Laser ablation Decrease  Increase  Increase Mediate Increase  

Laser + Y-27632 Decrease  Increase Increase Mediate Increase 

Laser + Nocodazole Unknown  Decrease  Increase  Unknown NS 

Laser + Jag1 Decrease  NS Increase  Mediate Increase 

 

Figure 16 compared the ablation length per pulse, induced filopodia, induced tip cells 

under these six different treatments.  (a) Image series showing laser ablation of single 

cell in capillary-like network formation with the treatments of Y-27632, Nocodazole, and 

Jag1, scale bar, 50 μm.  (b) Six group of bright field images showing induced filopodia 

and tip cells after laser thermal ablation.  (c) Quantified results of ablation length per pulse.  

(d) Comparison of induced filopodia per 1 mm tube length in these six groups. (e) 

Comparison of induced tip cells per 1 mm tube length in these six groups.   
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Figure 16.  Photothermal ablation of single cells in capillary-like network with the 

treatment of Y-27632, Nocodazole, Jag1.  (a) Image series showing laser ablation of 

single cell in capillary-like network formation with the treatments of Y-27632, Nocodazole, 

and Jag1, scale bar, 50 μm.  (b) Six group of bright field images showing induced filopodia 

and tip cells after laser thermal ablation.  (c) Quantified results of ablation length per pulse.  

(d) Comparison of induced filopodia per 1 mm tube length in these six groups. (e) 

Comparison of induced tip cells per 1 mm tube length in these six groups.  Error bars, SD, 

*, P<0.05, **, P<0.001, ***, P<0.0001. 
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The experimental results indicated that both pharmological (Y-27632) and physical (laser 

ablation) interruption of cell traction force can promote the generation of filopodia and tip 

cells.  Moreover, the number of filopodia were increases in three cases: (a) Rho kinase 

inhibition, which results in decrease cell traction force, (b) laser ablation, which results in 

decrease cell traction force by interrupting stress, (c) both Rho kinase inhibition and laser 

ablation, which results in decreased cell traction force.  Meanwhile, the number of tip cells 

were also increased compared to control in the above three cases.  However, in group 

(5), with the treatment of Nocodazole and laser ablation, the number of filopodia was 

decreased compared to control, while the number of tip cells was increased compared to 

control.  This is because the decrease of traction force induced by laser ablation was 

mediated by Nodozadole, which can induce traction force via microtubule de-

polymerization.  In group (6), with the treatment of Jag1 and laser ablation, the number 

of filopodia showed no significant difference compared to control, while the number of tip 

cells was increased compared to control.  All the results indicated that: (1) mechanical 

force negatively modulate the tip cell formation and filopodia formation during in vitro 

angiogenesis.  Decrease the mechanical force can results in excessive sprouts of 

filopoida and tip cells, enhance the mechanical force inhibit the tip cell formation and 

fillopodia formation.  (2) Mechanoregulaiton of tip cell formation partially through Notch 

pathway.  Mechanical force negatively regulate tip cell formation via mediating Notch 

pathway, thus induce tip cell and filopodia formation with decreased mechanical force.  

However, the Jag1 treated endothelial cells enhanced Notch pathway, which has the 

opposite effect of laser ablation, resulting in the filopodia number was not show significant 
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difference compared to control.  While the number of tip cells was increased, showing the 

Jag1 peptide partially impaired the inhibition of Notch pathway caused by laser ablation.  

 

Figure 17.  (a) Dll4 mRNA and Notch1 gene expression comparison before and after 

injury, Random as negative control.  (b) Dll4 mRNA expression comparison before and 

after injury, with the treatment of Y-27632, Nocodazole, and Jag1, respectively.  (c) 

Quantified results of Dll4 mRNA, Notch1 mRNA, and Random expression before and after 

injury.  Comparison of Dll4 mRNA expression in juried area, the Dll4 mRNA expression 
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ratio in injuried/unjunired area with the treatments of Y-27632, Nocodazole, and Jag1. 

Scale bars, 50 μm.  Error bars, SD, *, P<0.05, **, P<0.001, ***, P<0.0001. 

Moreover, in order to study the effects of mechanical force on Notch pathway, the Dll4 

and Notch1 mRNA gene expression were monitored and compared before and after laser 

injury.  Figure (a) showed the bright field and fluorescence images of CLS before and 

after laser ablation.  Dll4 mRNA, Notch1 mRNA and Random were monitored and 

compared.  For Dll4 mRNA expression and Notch1 mRNA expression, fluorescence 

images after laser ablation showed brighter fluorescent signal compared to control, while 

for Random probe, there is no significant difference of fluorescent signal before and after 

laser ablation.  Figure 17 (c) showed the quantified Dll4 mRNA, Notch1, and Random 

probe before and after laser ablation, this results indicated that laser ablation upregulated 

both Dll4 mRNA and Notch1 mRNA expression in ECs due to mediation of notch pathway 

induced by perturbation of mechanical force.  Moreover, the effects of laser ablation 

together with Y-27632, Nocodazole, and Jag1 were also compared and quantified by 

evaluating the Dll4 expression before and after laser ablation.  Compared to control, Y-

27632 and Jag1 treated cells showed higher Dll4 mRNA expression after laser ablation, 

while the nocodazole treated cells showed no changes of Dll4 mRNA expression after 

laser ablation.  Moreover, after injury, the Dll4 gene expression was monitored and 

compared between uninjured cells and injured cells.  Figure 17 (b) showed the 

fluorescence images of Dll4 mRNA gene expression in three typical tip cells before and 

after injury, respectively.  Brighter fluorescence signals were observed in these three tip 

cells after injury, which means the Dll4 gene expression has increased in tip cells.  

Furthermore, fluorescence intensity of cells near injury sites was significantly higher than 
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uninjured cells.  Upon injury, the tip cells sprouted out to repair the network.  The Dll4 

level was upregulated in tip cells and slowly decayed as the network repaired.  These 

results suggested that:  Mechanical force negatively regulate tip cell formation partially 

via Notch pathway: Decrease mechanical force promote the formation of tip cells and 

filopodia via partially inhibition of Notch pathway, thus increase the Dll4 mRNA and 

Notchf1 mRNA expression due to Notch pathway inhibition.  Increased mechanical force 

suppress the formation of tip cells and filopodia via partially activation of Notch pathway.   

In a word, Notch pathway is necessary for maintaining homeostasis and Dll4-Notch1 

lateral inhibition regulate the tip/stalk ratio during in vivo and in vitro angiogenic process.  

Meanwhile, mechanoreguation also plays a critical role of tissue morphology and tip cell 

formation.  Our results demonstrated the mechanoregualtion of tissue morphology and 

tip cell formation during in vitro and in vivo model partially via mediation of Notch pathway.   

5.8 Summary 

The effects of mechanical perturbation on tissue morphogenesis and tip cell formation 

during in vivo and in vitro angiogenic process have been investigated.  First, in vitro 

capillary-like network formation indicate that endothelial cell treated with Rho kinase 

inhibitor Y-27632 and actin II inhibitor Blebbistatin form abnormal networks with shorter 

mean chord length and more filopodia, meantime, the Dll4 mRNA and Notch1 mRNA 

expression were upregulated, indicating the Notch pathway was mediated during this CLS 

formation process.  Oppositely, with the treatment of traction force inducer Nocodazole, 

and Cyliculin-A, endothelial cells form wider networks with longer mean chord length and 

less filopodia, while the Dll4 mRNA and Notch1 mRNA expression were downregulated 
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due to the activation of Notch pathway, indicating there is a significant link between 

mechanical force and Notch pathway that regulate cell behaviors during EC tube 

formation model.  Moreover, the effects of mechanical perturbation were investigated in 

mice retina blood vessel development model.  Experimental results indicated that: Notch 

pathway negatively regulate tip cell formation, inhibition of Notch pathway, with the 

treatment of DAPT, induce more tip cells, filopodia, and branch points via suppression of 

Dll4-Notch1 lateral inhibition (more adjacent cells become tip cells due to the suppression 

of Dll4-Notch1 lateral inhibition), with the increased Dll4 protein level both in tip cells and 

stalk cells.   Activation of Notch pathway, with the treatment of Jag1, promote Dll4-Notch1 

lateral inhibition with decreased tip cell formation and increased Dll4 expression in tip 

cells.  All the above results support the conclusion that Notch pathway regulate tip cell 

formation via Dll4-Notch1 lateral inhibition.  Furthermore, we demonstrated that Rho 

kinase activity negatively regulate tissue morphology and tip cell formation via Notch 

pathway.  Inhibition of Rho kinase activity (the treatment of Y-27632), induce tip cell and 

filopodia formation in sprouting edge due to the mediation of Dll4-Notch1 lateral inhibition, 

with the increased Dll4 protein level both in tip and stalk cells, indicating the Rho kinase 

inhibitor enhance tip cell formation via mediating Notch pathway.   

Moreover, pharmacological and mechanical perturbations were applied during in vitro 

endothelial cells capillary-like network formation process to investigate the 

mechanoregulation of tissue morphology and tip cell formation, and Dll4/Notch1 signaling 

pathway was investigated during in vitro angiogenic process by measuring temporal and 

spatial distributions of Dll4 and Notch1 mRNA expression.  In summary, capillary 

morphogenesis and anastomosis are important in maintaining tissue homeostasis, and 
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understanding the fundamental process will have important implication in regenerative 

medicine and tissue engineering.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



102 

 

CHAPTER 6 FUTURE WORK 

6.1 Application of GNR-LNA sensor for studying wound healing  

Furthermore, pharmacological and mechanical perturbations were applied to mouse 

cornea tissue slices to investigate the mechanoregulation of tissue morphology and Dll4 

mRNA expression.  First, the mechanical scratch assay was performed to investigate the 

Dll4 expression in the wound region.  ROCK inhibitor Y-27632, which reduce the cell 

traction force, were then used to perform pharmacological perturbations.  Figure 18 (a) 

showed the Dll4 expression in living mouse cornea tissue without and with mechanical 

scratch.  Figure 18 (b) showed the Dll4 expression with the treatment of Y-27632,  Figure 

18 (b-1) showed the Dll4 expression in cornea tissue without mechanical scratch, Figure 

18 (b-2) showed the relative Dll4 expression in cornea tissue with mechanical scratch.  

The Dll4 expressions were quantified by evaluating the fluorescence intensity.  Figure 18 

(e) showed the comparison results of Dll4 expression in mouse cornea tissue.  The result 

indicated that both mechanical scratch and pharmacological  perturbation can increase 

Dll4 expression compared to control.  By applying pharmacological and mechanical 

perturbations to the cornea tissue at the same time, Dll4 expressions were greatly 

increased compared to the control.  In order to investigate the mechanical regulation of 

Dll4 expression after physical scratch, the Dll4 expression dynamics were monitored and 

compared between cells near the wound and cells without wound.  Figure 18 (c) showed 

the fluorescence image series of mouse cornea tissue at different time points, Figure 3 

(d) showed the fluorescence image series of mouse cornea tissue slices after physical 

scratch at different time point.  The Dll4 expression of three different cells at each case 
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were traced and compared.  Figure 18 (f) showed the Dll4 expression dynamics of three 

different cells without injury.  Figure 18 (g) shoed the Dll4 expression dynamics of three 

different cells near the wound.  The results indicated that the Dll4 expression has 

significantly increased in the cells near the wound.  These results suggested the 

pharmacological perturbation and physical scratch are sufficient to trigger the Dll4 

expression in mouse cornea tissue slices.  In a word, this GNR-LNA probe was applied 

to investigate the spatiotemporal Dll4 mRNA gene expressions in living mouse cornea 

tissue slices after physical scratch.  Experimental results demonstrated the capability of 

monitoring mRNA gene expression at the single cell level in living animal tissues.  These 

results demonstrate the general applicability of the GNR-LNA for investigating mRNA 

expression dynamics in living mouse cornea tissues slices.  In summary, the ability of 

single cell gene expression detection provides a powerful approach for systematic 

investigation of capillary morphogenesis.  Since the complex spatiotemporal dynamics is 

a hallmark of tissue morphogenesis, the multimodal GNR-LNA approach will enable an 

effective platform for investigating various tissue morphogenic processes. 
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Figure 18.  (a) Dll4 expression in mouse cornea tissue. (a-1) without scratch, (a-2) with 

scratch.  (b) Dll4 expression in mouse cornea tissue with treatment of Y-27632. (b-1) 

without scratch, (b-2) with scratch.  (c) fluorescence image series of living mouse 

cornea tissue without injury.  (d) fluorescence image series of living mouse cornea 

tissue after physical scratch.  Scale bar: 20 µm. (e)  Mean fluorescence intensity of Dll4 
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expression comparison in mouse cornea tissue, scratched tissue, Y-27632 treated 

cornea tissue, Y-27632 treated and scratched cornea tissue. (f) Dll4 expression 

dynamics of three representative cells without injury. (g) Dll4 expression dynamics of 

three representative cells after mechanical scratch.  Scale bars: 25 µm. 

6.2 Next steps 

1) We developed and designed GNR-LNA probe to detect mRNA expression in living 

cells and animal tissues, the next step is to design and develop GNR-Aptamer 

probe to detect protein level in living cells and animal tissues. The ideal goal of this 

molecular probe is to detect both the mRNA and protein level in living cells and 

animal tissues, which will play a critical role to the field of developmental biology 

and regenerative medicine.  

2) The mechanoregulation and mechanotransduction of tissue morphology and tip 

cell formation has been investigated to during both in vitro and in vivo angiogenic 

process.  In the next step we will focus on the effects of microenviroment on the 

tissue morphorgenesis and angiogenesis.   

3) As it has been demonstrated that GNR-LNA is an effective approach for temporal-

spatial mRNA expression detection and photothermal ablation, the next step of our 

project will focus on laser thermal ablation of capillary-like networks to investigate 

mRNA expression and protein expression during tip cell formation or cell migration 

after injury.   
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