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ABSTRACT
Directing Cellular Traffic Using Geometric and Biomolecular Cues

September 2010

Directed cell migration plays a principal role in various aspects of important
cellular phenomena such as wound healing, development and cancer metastasis. Although
the mechanism of gradient stimulus leading to directed cell migration is well understood
and exploited, the geometrical and topographical cues that cause directed migration has
been largely unexplored. With the advent of accessible microfabrication techniques to
precisely control the topography of the extracellular matrix (ECM) on substrates,
researchers are just starting to study the complex mechanical signals that can alter directed
cell motility. A key challenge now is to parse out the precise factors that affect directional
movement of cells on certain micropatterns, use that understanding to design strategies to
enhance the motility and bias of directed cell migration, and further apply these concepts to
multiple cell types and higher-order cell systems.

Here, we investigate the tunability of directional bias through various geometrical
manipulations using quantitative analysis of cell movement on micropatterns. We observe
that MCF-10A epithelial cells in general jump with an unnaturally high bias between
teardrop-based islands with specific gap distance, asymmetry and positional placement.
Throughout the studies, we observe that lamellipodial protrusions and unilamellar
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morphology play a crucial role in dictating not only the directional bias of epithelial cells,
but also their speed and persistence, and find that moderate alteration of Rac1 signal leads
to an unexpected flip of bias. We further extend the concept of directional bias to design
patterns to successfully control cell flux and effectively partition cell population, as well as
induce unilamellar morphology in different cell types to promote directed cell motility. We
also investigate the combinatorial effect of hybrid micropatterns in enhancing motility and
unravel the unique properties and possible mechanisms behind directed cell motility on
teardrop-based micropatterns.

Our results demonstrate a new type of directed cell motility using a micropattern
that involves the use of physical constraints to stabilize the unilamellar morphology and
guidance of the unilamella in the correct direction through purely geometrical cues. These
studies offer multiple design strategies to modulate the cell motility and directional bias on
micropatterns for various applications, such as tissue engineering.

vii
TABLE OF CONTENTS

Acknowledgements ............................................................................................ iii
Abstract ................................................................................................................ v
Table of Contents ............................................................................................... vii
List of Tables ..................................................................................................... xii
List of Figures ................................................................................................... xiii

Chapter I: Overview....................................................................................... I-1
1. Introduction .......................................................................................... I-1
2. Directed cell migration ........................................................................ I-2
2.1. Mechanism and regulation of polarized cell motility ............ I-2
2.2. Key signaling molecules associated with polarized
migration ................................................................................. I-3
3. Microfabricated systems to control cell motility................................. I-4
4. Unresolved questions on directed cell motility on micropatterns....... I-6
5. Current results ...................................................................................... I-8
6. References .......................................................................................... I-10

Chapter II: Reprogramming Directional Cell Motility by Tuning
Micropattern Features and Cellular Signals .......................................II-1
1. Abstract ................................................................................................ II-1

viii
2. Introduction ......................................................................................... II-2
3. Results ................................................................................................. II-2
3.1. Key pattern features are necessary for directional cell
motility ................................................................................... II-2
3.2. Geometrical modification based on quantitative jump
analysis enhances directional bias ......................................... II-4
3.3. Signal alteration based on lamellipodial observations flips
directional bias ....................................................................... II-6
3.4. Novel splitter design modulates cell flux .............................. II-9
4. Conclusion ......................................................................................... II-10
5. Experimental Methods ...................................................................... II-11
5.1. Fabrication of micropatterned substrates ............................ II-11
5.2. Cell culture ........................................................................... II-12
5.3. Time-lapse microscopy........................................................ II-12
5.4. siRNA knockdown .............................................................. II-13
6. Acknowledgements ........................................................................... II-13
7. References ......................................................................................... II-13
8. Supporting Information ..................................................................... II-15
8.1. Supporting figures................................................................ II-15
8.2. Supporting table ................................................................... II-18
8.3. Movie legends ...................................................................... II-18

ix

Chapter III: A Hybrid Micropattern Design for Supraoriented Cell
Movement and Enhanced Multicellular Partitioning ....................... III-1
1. Abstract ............................................................................................... III-1
2. Introduction ........................................................................................ III-2
3. Results ................................................................................................ III-3
3.1. Line patterns markedly enhance persistence in addition
to cell speed........................................................................... III-3
3.2. A hybrid micropattern design that combines line and
teardrop features ................................................................... III-4
3.3. The hybrid spear-shaped micropattern markedly
improves the directional bias of cell movement .................. III-7
3.4. Hybridizing line and teardrop micropatterns yields
an additive improvement in the persistence of cell
migration ............................................................................... III-8
3.5. Reduced frequency of hops lead to improvements in
migration speed on spear-shaped micropatterns ................ III-10
3.6. Micropatterned bridges with hybrid patterns result
in a rapid and effective partitioning across long
distances .............................................................................. III-12
4. Conclusion ........................................................................................ III-16
5. Experimental Methods ..................................................................... III-17

x
5.1. Fabrication of micropatterned substrates ........................... III-17
5.2. Cell culture .......................................................................... III-18
5.3. Time-lapse microscopy....................................................... III-18
5.4. Data collection and analysis ............................................... III-19
6. Acknowledgements .......................................................................... III-20
7. References ........................................................................................ III-20

Chapter IV: Scaling Micropattern Dimensions to Enable and Modulate
Directed Cell Movement ....................................................................... IV-1
1. Abstract .............................................................................................. IV-1
2. Introduction ....................................................................................... IV-2
3. Results ............................................................................................... IV-3
3.1. Cell types differ in the extent of directional bias
on teardrop patterns ............................................................. IV-3
3.2. Establishment of unilamellar morphology correlates
with extent of directed cell movement on teardrop
patterns ................................................................................. IV-6
3.3. Narrowing teardrop patterns enhances directional bias ...... IV-8
4. Future Directions ............................................................................. IV-11
5. Conclusion ....................................................................................... IV-12
6. Experimental Methods .................................................................... IV-13
6.1. Fabrication of micropatterned substrates .......................... IV-13

xi
6.2. Cell culture ......................................................................... IV-14
6.3. Time-lapse microscopy...................................................... IV-15
6.4. Cell motility quantitation and analysis .............................. IV-16
7. Acknowledgements ......................................................................... IV-16
8. References ....................................................................................... IV-16
9. Supplementary Data ........................................................................ IV-16

xii
LIST OF TABLES

Chapter II
Table S1. Detailed analysis of the jumps of MCF-10A epithelial
cells from either blunt or tip ends over two experiments ................. II-18

Chapter III
Table 1. Enhanced motility of MCF-10A epithelial cells on line patterns ... III-4
Table 2. Detailed analysis of hop decisions at corners and residence
times associated with the events ........................................................ III-8
Table 3. Cell motility on teardrop patterns and spear-shaped patterns ......... III-9

Chapter IV
Table 1. Tendency to acquire FR polarity for MCF-10A epithelial cells,
NHEKs and Rat1 fibroblasts on line patterns of different
widths................................................................................................. IV-8

xiii
LIST OF FIGURES

Chapter II
Figure 1. Directional bias of MCF-10A epithelial cells on teardrop-based
micropatterns ....................................................................................... II-5
Figure 2. The role of lamellipodial extensions in determining the
directional bias of cell movement on micropatterns .......................... II-8
Figure 3. The effect of splitter design features on the directional bias ........ II-10

Figure S1. Directional bias of normal human epidermal keratinocytes
(NHEK) on Patterns A and B ........................................................... II-15
Figure S2. Morphology of migrating MCF-10A epithelial cells and Rat1
fibroblasts .......................................................................................... II-16
Figure S3. Effect of RNA interference on Rac1 expression level................ II-17
Figure S4. Fluorescence imaging of the underlying micropattern via
BSA-Cy3 ........................................................................................... II-17

Chapter III
Figure 1. Schematic and directional bias of teardrop and spear-shaped
patterns................................................................................................ III-6
Figure 2. Schematic and effectiveness of partition patterns with
Spear-shaped and teardrop bridges .................................................. III-12

xiv

Chapter IV
Figure 1. Motility biases for MCF-10A epithelial cells, NHEKs and
Rat1 fibroblasts on the original teardrop patterns ............................ IV-5
Figure 2. Motility biases for MCF-10A epithelial cells and NHEKs on
thin teardrop patterns ....................................................................... IV-10
Figure 3. Schematics of thin rectangles and extra thin teardrop patterns
to be tested with MCF-10A cells, NHEKs and other cell lines ..... IV-12

