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        Many biological and physiological processes depend upon directed migration of 

cells, which is typically mediated by chemical or physical gradients. However, 

conventional chemical or physical gradients have finite dynamic range and can 

therefore operate only over limited distances. Cells can overcome this limitation by 

relaying chemotactic signals, but chemical relay of directional information requires 

intricate orchestration of timing of signals. Nanotopographies that are on a 

comparable length scale with the features in the extracellular matrix offer an option to 

guide cells over large distances without a global gradient.  

        Here I show that both cell motion and actin-wave propagation in Dictyostelium 

discoideum (D. discoideum) are guided bidirectionally on nanoridges/nanogrooves. 

The guidance efficiency depends on the ridge spacing. Actin polymerization 

preferentially occurs around individual ridges, giving rise to coupled actin streaks on 

the opposite sides of a single ridge. Cells can be guided in a single preferred direction 



  

based solely on local asymmetries in nanosawteeth on subcellular scales, which can 

be repeated over arbitrarily large areas, providing directional guidance over an 

unlimited distance. The direction and strength of the guidance is sensitive to the 

details of the nanosawteeth, suggesting that this phenomenon plays a context-

dependent role in vivo. I demonstrate that asymmetric nanosawteeth guide the 

direction of internal actin polymerization waves, and that cells move in the same 

direction as these waves. This phenomenon is observed both for the pseudopod-

dominated migration of the amoeboid D. discoideum and for the lamellipod-driven 

migration of human neutrophils. The conservation of this mechanism across cell types 

and the asymmetric shape of many natural scaffolds suggest that actin-wave-based 

guidance is important in biology and physiology. 

        Even symmetric nanotopographies can induce unidirectional bias in actin-wave 

propagation and cell motion. This bias presumably originates from the intrinsic actin 

chirality. A counterclockwise bias in both cell motion and actin-wave propagation is 

observed in D. discoideum migrating on 0.8-µm-spaced nanorings and in neutrophils 

migrating on 2-µm-spaced nanorings. The different effects of ring spacing on 

guidance efficiency between D. discoideum and neutrophils may arise from the 

difference in the ultrastructure of the actin network between those two cell types.  
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Chapter 1: Introduction 

 

1.1. Cell migration 

        Directed cell migration is essential for many critical biological and physiological 

processes (1), such as embryonic development (2), wound healing (3), immune 

response (4) and angiogenesis (5). The modes and mechanisms that cells adopt in 

their migration are cell-type and context dependent. For instance, macrophages and 

neutrophils migrate as single entities to defend against bacterial infection (6, 7); 

Dictyostelium discoideum (D. discoideum) cells tend to stream and aggregate upon 

starvation, and migrate as slugs to feed (8); epithelial cells migrate as a sheet to close 

a wound (9). The failure of cell migration, or the migration of cells to inappropriate 

sites, can lead to congenital defects or severe diseases in adults, such as vascular 

disease, autoimmune syndrome, defective wound healing, and cancer metastasis. 

Understanding the mechanisms by which cells migrate will provide insight into 

developing new therapeutics to cure those diseases and will help to improve the 

properties of artificial tissues used in transplantation.  

        The typical migration of an individual cell on a 2D surface is a cyclic process 

that has been categorized into five successive steps (Figure 1.1) (10). The first step is 

morphological polarization. Cells prepare for migration by acquiring an asymmetric 

spatial distribution of cytoskeletal components (e.g. microtubules) and molecules (e.g. 

protein receptors), and establishing a clear distinction between the front and the rear. 
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The second step is membrane extension. Actin polymerization, which will be 

discussed in detail in Section 1.3, exerts force on the leading edge of the plasma 

membrane, and thus pushes it forward. Another model explains the membrane 

extension by an “elastic Brownian ratchet,” in which thermal energy bends the 

nascent short actin filaments, and unbending of the elongated filaments against the 

leading edge generates force to push the membrane forward. The third step is the 

formation of adhesion. The adhesion of a cell’s ventral membrane to the substrate can 

either be stable and specific, as the ones observed in fibroblasts, or be transient and 

non-specific, as the ones observed in D. discoideum. The fourth step is contraction 

and translocation of the cell body. Myosin-based contraction of actin filaments 

generates contractive force on the cytoplasm. Adhesions serve as traction sites as the 

cell migrates over them. The last step is rear release. For integrin-based focal 

adhesions, proteolytic cleavage and integrin endocytosis may be required for the rear 

detachment. However, for transient and non-specific adhesion, the contraction 

generated by myosin at the back of a cell is sufficient to release the rear. All of these 

steps coordinate and cycle elaborately, enabling an individual cell to move.  
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Figure 1.1. Schematic representation of the five-step cyclic process of cell migration 

on a 2D surface (11). 

 

        Amoeboid migration is a common cell migration mode that is adopted by fast-

moving and weakly adhesive cells, such as D. discoideum and neutrophil-like HL-60 
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cells, which were used in the work presented in this thesis. Tumor cells can also 

switch to an amoeboid morphology under certain conditions to disseminate from the 

primary tumor and invade a distant tissue (12). Studying amoeboid migration will 

thus shed light on the mechanism of cancer metastasis. Amoeboid migration is 

characterized by the actin-polymerization-generated protrusion in the anterior of the 

cell and myosin-contraction-generated retraction in the posterior of the cell. It has 

been shown that on a high-adhesivity surface, both actin polymerization and myosin 

contraction are required for a cell to move efficiently, whereas on a low-adhesivity 

surface, actin polymerization alone is sufficient to propel the whole cell forward (13). 

Because the surfaces used in this thesis work exhibit moderate adhesivity, I will 

mainly focus on the effect of actin polymerization on cell migration.  

        Because most events of cell migration that occur in a physiological context 

exhibit various degrees of directionality, many studies have attempted to guide cell 

migration in a particular direction. It has been demonstrated that guidance of cells can 

be achieved through external gradients in properties such as chemical concentration 

(chemotaxis) (14, 15), substrate rigidity (durotaxis) (16), electric field (electrotaxis) 

(17, 18), and adhesion (haptotaxis) (19). However, the total distance over which 

gradients can guide cells is limited by the finite dynamic range of cellular sensing. 

Although cells can overcome this limitation by relaying chemotactic signals, 

chemical relay of directional information requires intricate orchestration and timing 

of signals (7, 8, 15). Shear flow is another approach to guide cells unidirectionally 

over large distances, but it is an active process that requires constant fluid flow. 
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Additionally, the flow rate and the viscosity of the fluid need to be controlled 

precisely to produce an accurate shear stress (20, 21).  

        The extracellular matrix (ECM) in a physiological system not only provides a 

molecular frame for specific cell-matrix adhesion, but also serves as a mechanical 

frame for cell migration that provides a specific density, gap size, stiffness, and 

orientation. Provenzano and coworkers have found that a radial reorganization of 

collagen fibers surrounding tumors facilitates tumor cell invasion by providing a 

structural guidance along which the cells can migrate (22). This directional cell 

migration is attributed to physical contact guidance. As a passive method that does 

not require a global gradient, contact guidance is a superior approach to guide cells 

over large distances. With the development of micro- and nanofabrication techniques, 

various structures that mimic the features in ECM can be created and used in the 

study of directed cell migration. The next section will discuss previous studies on 

contact guidance in detail.  

 

1.2. Contact guidance 

        Contact guidance is an approach to guide cell migration with shapes or 

topographies that are on the micro- or nano-scale. In early studies, artificial or natural 

fibers and interfaces were used to guide a group of cells or a whole explant (23-26). 

Individual D. discoideum cells were found to align along 2 to 5 µm wide grooves on 

agar films (Figure 1.2A) (27). Later, micro- or nano-scale ridges and grooves 

fabricated with photolithography (Figure 1.2B) (28-35), as well as oriented fibers 

constructed with proteins (Figure 1.2C) (36), copolymers (37), and carbon nanotubes 



 

 6 
 

(38), were shown to guide cell alignment or migration in parallel with those features. 

Table 1 is a brief summary of the various studies on contact guidance of different cell 

types. Recently, Yamada and coworkers have shown that oriented fibronectin fibers 

guide not only cell alignment, but also the alignment of intracellular actin stress fibers 

in parallel (Figure 1.2D) (39), indicating that cell alignment could result from actin 

alignment. Topographies with a feature size of hundreds of nanometers are on a 

length scale that is comparable to that of cytoskeletal components, such as actin. 

Therefore, the main focus of this thesis is the effect of nanotopography on actin 

polymerization, and the subsequent effect on cellular contact guidance. 

 

Figure 1.2. Contact guidance manifested in different cell types. (A) D. discoideum 

cells align along microgrooves on an agar film (27). Scale bar, 20 µm. (B) A human 

corneal epithelial cell align along nanoridges (34). Scale bar, 5 µm. (C) Endothelial 

cells align along vertically oriented collagen fibers (36). Scale bar, 10 µm. (D) The 

intracellular stress fibers (green) in a fibroblast align along the oriented fibronectin 

fibers (red) (39). Scale bar, 20 µm.  
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Table 1. Contact guidance of different cell types on various topographies. 

 

Cell type Topography  Guidance effect 
Mesenchymal 
cells 

Grooves that are 1 to 4 µm 
wide and 1 µm deep (28)  

Cell migration is 
predominantly parallel to 
the grooves. 

Fibroblasts Grooves that are 1-10 µm 
wide and 1 µm deep (29) 

Fibroblasts align along the 
grooves, with the focal 
adhesion and actin filament 
oriented parallel to the 
grooves.  

 

Corneal 
epithelial cells  

Nanoridges with spacings of 
400 to 4000 nm (30) 
 
 
Nanoridges with spacings of 
20 to 200 nm (34)  

Cells align and migrate 
along all the ridges and 
grooves. 
 
In the presence of serum, 
the focal adhesions align 
along the nanoridges. The 
width of the focal adhesion 
depends on the width of the 
ridges. 

 

Endothelial 
cells 

Oriented collagen fibrils (36) Cell migration along the 
fibrils is induced without 
chemoattractant. 

 

Smooth 
muscle cells 
(SMCs) 

Aligned copolymer 
nanofibers that are 500 nm 
thick (40) 

SMCs adhere and migrate 
along the axis of aligned 
nanofibers. The distribution 
of cytoskeleton proteins 
inside the SMCs is parallel 
to the nanofibers. 

 

Osteoblast-like 
cells 

Carbon-nanotube-composed 
microlanes that are 9 to 76 
µm wide and 4 µm high (38) 

Cells exhibit maximum 
alignment of 55 % to the 
microlanes that are 10 to15 
µm wide. 
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1.3. Actin polymerization 

        Actin is a 42-kDa, globular, multi-functional protein that is found in all 

eukaryotic cells. It is one of the three major components of the cytoskeleton, and is 

responsible for controlling cell shape, morphology and motility. A cell’s ability to 

undergo dynamic shape change and migration results from the dynamic nature of 

intracellular actin polymerization. Actin monomers can polymerize into right-handed 

helical filaments, known as F-actin. In contrast to other biopolymers such as DNA, 

the backbone of which is formed through covalent bonding, F-actin is assembled 

through a weak interaction between actin monomers. This weak interaction facilitates 

the remodeling of actin and contributes to its dynamic nature. F-actin exhibits polarity, 

which is characterized by a fast-growing barbed end and a slow-growing pointed end. 

In the physiological or biological context, actin polymerization is coupled to ATP 

hydrolysis and comprises four cyclic steps (41): (i) addition of ATP-G-actin at the 

barbed end; (ii) conversion of ATP-actin to ADP-actin through slow hydrolysis; (iii) 

release of ADP-G-actin from the pointed end through depolymerization; and (iv) 

conversion of ADP-G-actin to ATP-G-actin in the cytoplasm, replenishing the 

reservoir with reactive actin monomers. When the polymerization rate at the barbed 

end equals the depolymerization rate at the pointed end, the F-actin reaches a steady 

state whereby the filament moves forward with a constant length. Such a steady state 

is called “treadmilling.” It has been shown that the rate of barbed end growth equals 

the speed of lamellipodia extension (42), providing direct support for actin 

polymerization as the driving force for cell migration.  
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        Because the actin polymerization rate in vivo is 100 to 200 times faster than the 

pure actin polymerization rate in vitro, regulatory proteins must be involved in the 

acceleration of the process. Figure 1.3A is a schematic showing the actin 

polymerization machinery that generates protrusions at the cell’s leading edge with 

regulatory proteins. Among all of the regulatory proteins, Arp2/3 complex is a crucial 

element in the formation of the dendritic actin network observed in lamellipodia 

(Figure 1.3B). As an actin nucleation factor that promotes the branching of F-actin, 

Arp2/3 has been shown to bias the formation of a daughter filament on the convex 

face of a curved mother filament at an angle of 70° (43). Another recent study has 

found that T cells tend to migrate along the concave surfaces of sinusoidal wavy 

structures, and that inhibiting the Arp2/3 complex abolishes this preference (44). Both 

of these studies indicate that regulatory proteins involved in the actin polymerization 

machinery may be sensitive to curvature and shapes, and thus could bias the actin 

polymerization involved in contact guidance.  

        As a highly dynamics process, actin polymerization has been found to exhibit 

wave-like characteristics. For instance, Gerisch and coworkers observed actin waves 

in D. discoideum cells that were recovering from Latrunculin-induced actin 

depolymerization (Figure 1.3C) (45). Orion and coworkers found that the leading 

edge of a neutrophil contains moving waves of Hem-1, an actin nucleation activator 

(46). Recent reports of the self-organized traveling actin waves in D. discoideum (45, 

47, 48) and neutrophils (46) provide insight into the influence of substrate topography 

on the propagation of actin polymerization. Bretschneider and coworkers showed that 

actin and its associated proteins are recruited from the cytoplasm to form distinct 
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three-dimensional patterns in actin waves, indicating that the propagation of actin 

waves is based on the activation and inactivation of actin polymerization in a defined 

temporal and spatial pattern (49). As the actin waves couple to a substrate composed 

of three-dimensional, asymmetric nanotopography with a temporal periodicity, it is 

possible that the asymmetric topography reorganizes and biases the actin waves, 

leading to unidirectional cell migration (see Chapter 4). 

        F-actin is a chiral molecule (50). Like other biopolymers with a helical structure, 

such as DNA and collagen, F-actin tends to form a superhelix or a super coil upon 

bending, to relax the accumulated torsional strain. It has been demonstrated that 

Listeria monocytogenes forms consistent right-handed helical actin comet tails during 

actin-based motility in cell-free extracts (Figure 1.3D) (51). Therefore, it is 

reasonable to propose that bending the actin waves in a particular direction, or 

preventing the formation of helical waves with confinement, may bias the actin 

polymerization waves unidirectionally, and thus lead to unidirectional cell motion 

(see Chapter 5).  
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Figure 1.3. (A) Schematic representation of the actin polymerization machinery that 

triggers dendritic nucleation for protrusion at the leading edge (41). (B) Electron 

micrograph of the dendritic actin network inside a lamellipodium (52). Scale bar, 300 

nm. (C) Actin wave dynamics in D. discoideum on a 2D surface (45). Scale bar, 5 µm. 

(D) Right-handed actin comet tail formed by Listeria monocytogenes in a cell-free 

extract (51).   
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1.4. Model systems: Dictyostelium discoideum and neutrophils 

        In this thesis, I present the results of the studies of the migration of and actin 

polymerization waves in D. discoideum and neutrophil-like HL-60 cells on various 

nanotopographies. These cell types are both the model systems for studying amoeboid 

cell migration. The actin polymerization machinery is conserved between D. 

discoideum and neutrophils. However, D. discoideum migrates by extending 

pseudopodia that can be microns above the surface, whereas neutrophils migrate by 

extending flat, fan-like lamellipodia that flow along the surface. Although the 

molecules involved in the adhesion of D. discoideum to the substrate are not well 

characterized, the adhesion is commonly considered to be non-specific. A previous 

study in our group showed that D. discoideum is able to adhere and migrate on 

surfaces with different properties, such as glass and surfaces coated with poly-l-lysine, 

and that D. discoideum even migrates normally on surfaces coated with bovine serum 

albumin and perfluorocarbon, which are known for their anti-adhesive properties 

(53). In contrast, neutrophils adhere specifically to fibronectin- or collagen-coated 

surfaces through the integrin-based focal adhesions. Therefore, in this thesis work, D. 

discoideum was studied on pure polyacrylate surfaces; neutrophils were studied on 

polyacrylate surfaces coated uniformly with fibronectin. 

        D. discoideum is an amoeba that lives in the soil. It can transform from 

individual cells to a multicellular slug, and eventually to a fruiting body with spores 

(54). The lifecycle of D. discoideum is shown in Figure 1.4. When food, such as 

bacteria, is sufficient, D. discoideum cells stay in the vegetative stage and chemotax 

up the gradient of a bacterial metabolic product, folic acid. When food is deficient, 
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the cells undergo aggregation by secreting and sensing a chemoattractant called cyclic 

adenosine monophosphate (cAMP), and by forming head-to-tail cell streams through 

signal relay. Large cell aggregates then transform into slugs, and eventually 

differentiate into spore and stalk cells (54). D. discoideum cells in the aggregated 

stage undergo differentiation and exhibit the most active migration capability, and are 

thus widely used as a model system to study cell migration. During differentiation, 

cyclic AMP is synthesized intracellularly via an enzyme called adenyl cyclase A 

(encoded in gene aca) and is secreted in pulses every ~ 6 min. Cells move up the 

gradient of cAMP concentration at an average speed of 10 µm/min for ~ 60 s and then 

stop until the next secretion occurs. In my experiments, a mutant with the aca gene 

knocked out (aca-) was used to eliminate the influence of a gradient of cAMP 

concentration on cell directionality (8). Aca- D. discoideum does not secret cAMP, 

but still senses it. To induce differentiation, cells were starved and pulsed with cAMP 

every 6 min for 5 h. D. discoideum cells with the aca gene intact were also used in 

my experiments. Because caffeine has been found to inhibit the activation of adenyl 

cyclase A without affecting the cell viability (55), those cells were incubated with 

caffeine to eliminate cAMP secretion (see Section 4.4.2).   
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Figure 1.4. Lifecycle of Dictyostelium discoideum. When starved, D. discoideum 

aggregate to form slugs, which further differentiate into a fruiting body with a stalk 

and a spore. (Image Copyright, M. J. Grimson & R. L. Blanton, Biological Sciences 

Electron Microscopy Laboratory, Texas Tech University) 

 

        To visualize actin polymerization waves in D. discoideum, two types of mutant 

with labeled F-actin, LimEΔcoil-GFP (56) and Lifeact-TagRFP (57), were used in my 

experiments. LimE is a LIM-domain containing protein that is strongly recruited to 

polymerizing actin. The coiled-coil domain of LimE is not required for F-actin 

binding, and thus has been eliminated in our construct to reduce the steric hindrance 

during F-actin binding (56). Lifeact is a 17-amino-acid peptide that binds to F-actin 

with low affinity. This low binding affinity minimizes the effect of Lifeact-RFP 
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expression on actin polymerization, and helps to reveal the intrinsic dynamics of actin 

waves (57).  

         Neutrophils are the most abundant white blood cells in mammals and belong to 

the fastest migrating class of mammalian cells. These cells establish a polarized shape 

upon the stimulation with chemoattractant by forming broad lamellipodia in the front 

and a contracted uropod at the rear. Cell-level actin reorganization is involved in the 

polarization process. Because neutrophils are short-lived, terminally differentiated 

cells, genetic manipulation of these cells is difficult. Dimethylsulfoxide (DMSO) can 

be used to induce HL-60 cells to differentiate into neutrophil-like cells. It has been 

shown that the motile properties of neutrophil-like HL-60 cells are comparable to 

those of primary neutrophils (58). Therefore, actin-YFP, neutrophil-like HL-60 cells 

were employed in this thesis work.  

 

1.5. Thesis outline 

        To investigate contact guidance exerted by topographies that mimic the features 

observed in the natural ECM, it is necessary to fabricate intricate structures on a 

subcellular length scale and to ensure biocompatibility of the topographies. Although 

micro- and nano-fabrication methods, such as multiphoton absorption polymerization 

(MAP), are able to fulfill this task, they are inherently serial voxel-by-voxel processes. 

Whitesides and coworkers developed a method called soft lithography to mold 

nanostructures using polydimethylsiloxane (PDMS) (59), but the resolution of 

molding high-aspect-ratio and dense structures is 500 nm. Based on a published 

method (60), we developed an approach called solvent-assisted nanotransfer molding 



 

 16 
 

(nTM) towards mass production of MAP-fabricated nanotopographies with a 

resolution of approximately 30 nm. The key point of this approach is to reduce the 

viscosity of the hard-PDMS prepolymer by adding a fluidic solvent. The replica can 

be functionalized with various proteins. The functionality of the replica can be tuned 

by adjusting the UV curing time. Details of solvent-assisted nTM are described in 

Chapter 2. 

        Because linear collagen fibers on a length scale of hundreds of nanometers are 

the typical structures observed in the ECM, it is worthwhile to study the effect of 

nanoridges and nanogrooves on cell motion and actin-wave propagation. Chapter 3 

describes the bidirectional guidance of nanoridges and nanogrooves on actin waves in 

D. discoideum, and discusses the effect of ridge frequency and gap width on actin-

wave dynamics. Helical actin waves are observed on nanoridges that are spaced 1.5 to 

2 µm apart. The transition between static and traveling actin waves observed on 

nanodots connected with nanoridges is also discussed.  

        Inspired by the bidirectional guidance of cell motion and actin waves that we 

observed on symmetric nanoridges, we investigated cell motion and actin waves on 

ridges composed of asymmetric nanosawteeth, aiming to bias the actin 

polymerization dynamics through the imposed asymmetric nanotopography, and 

eventually promote unidirectional cell motion. Chapter 4 focuses on the 

unidirectional guidance observed in both D. discoideum and neutrophil-like HL-60 

cells in detail. We find that the preferred direction of actin-wave propagation is 

consistent with that of cell motion, and that the biased direction depends on the 
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details of the nanotopography. Separated nanosawteeth guide actin waves 

unidirectionally, but not cell motion.  

        Concentric nanorings were used to investigate the effect of bending on the 

direction of actin polymerization. Because we observed that the formation of helical 

actin waves depends on the gap width between adjacent ridges, we studied cell 

motion and actin-wave propagation on nanorings with different spacings and heights. 

Bending a helical actin wave will cause the helix to twist or untwist, and thus lead to 

an enhanced or reduced actin polymerization that depends on the traveling direction 

of the wave. The effect of both ring spacing and ring height on actin-wave 

propagation, cell motion, and cell polarization, are elaborated in Chapter 5.  

        Chapter 6 summarizes each project that has been discussed, and suggests future 

directions for this research.  
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Chapter 2: Fabrication of Nanotopographies Using Multiphoton 

Absorption Polymerization and High-Resolution Solvent-

Assisted Nanotransfer Molding 

 

2.1. Introduction 

        To study cellular contact guidance of nanotopographies, a fabrication technique 

that achieves nano-scale resolution is needed. Multiphoton absorption polymerization 

(MAP) is one such method. MAP has several advantages compared to other popular 

nanofabrication methods, such as e-beam lithography and dip-pen nanolithography, 

for example. First, MAP is capable of fabricating arbitrary 3D structures due to its 

voxel-by-voxel based approach. Also, the MAP process is insensitive to the 

environmental conditions (compared with the high vacuum required in e-beam 

lithography and rigorous humidity control in dip-pen nanolithography). Therefore, 

MAP offers great reproducibility and stability. Previous work in our group has 

demonstrated that 40-nm resolution can be achieved using a variation of MAP called 

resolution augmentation through photo-induced deactivation (RAPID) (61).  However, 

MAP is inherently a serial voxel-by-voxel process. An intricate structure may take 

hours to fabricate. Therefore, the application of MAP in rapid mass production is 

limited. 

        Efforts have been made to address the time-intensive, serial nature of MAP. Two 

pioneering methods in this area are multipoint fabrication and multibeam interference 
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lithography. Kawata and coworkers demonstrated the first technique by placing a 

microlens array in the beam path before the objective, subdividing the laser beam into 

hundreds of focal points that can be used for MAP fabrication (62, 63). In the second 

technique, three or more laser beams are employed to create a complex 3D 

interference pattern, which is then used to expose to the photoresist (64-66). Although 

these techniques are capable of scaling up production, some drawbacks remain: (i) An 

amplified laser has to be employed to deliver enough power to each focal point; (ii) 

Uniformity in the intensity across the microlens array must be ensured to fabricate 

identical structures; and (iii) Only periodic arrayed features can be fabricated. To 

fabricate arbitrary 3D structures, other techniques are required. 

        Microtransfer molding (µTM) based on soft lithography opens the door to 

rapidly replicating complex 3D structures in a parallel manner (59, 67). In this 

method, a master structure is fabricated through the serial process. An elastomeric 

prepolymer, usually polydimethylsiloxane (PDMS), is poured on the master surface, 

cured, and peeled off. A resin is then sandwiched between the elastomeric mold and a 

new substrate. When the resin is cured, the mold is peeled away. The structures on the 

new substrate will be identical to the original master. Multiple molds can be made 

from the same master surface, and multiple copies can be replicated from the same 

mold. Our group has demonstrated that intricate 3D structures with closed loops and 

overhangs can be replicated through a technique called membrane-assisted 

microtransfer molding (68). Although conventional soft lithography is highly efficient 

in replicating structures on the scale of 500 nm or larger, it is inadequate to replicate 

dense and high-aspect-ratio structures in the sub-500-nm range due to the low elastic 
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modulus of Sylgard 184 PDMS. The glass transition temperature of PDMS is far 

below room temperature, which allows the polymer chains between crosslinks to 

move and causes inelastic deformation. To improve the resolution of µTM, Schmid 

and Michel formulated a polymeric composite with a high modulus, referred to as 

hard PDMS (h-PDMS), based on vinyl and hydrosilane end-linked polymers (69). 

The low viscosity of h-PDMS prepolymer allows it to come into conformal contact 

with the master surface; the low surface energy of h-PDMS (22-24 × 10-3 J/m2) (70, 

71) also facilitate the release of the master surface. Using this formulation, they 

achieved high-density-pattern replication at the 100-nm scale. However, cutting and 

releasing the cured h-PDMS usully causes cracking across the surface, resulting in 

debris being left on the surface. Whitesides and coworkers overcame this problem by 

using a composite PDMS mold consisting of a thin layer of rigid h-PDMS, which 

allows a high-resolution molding, and a slab of flexible s-PDMS, which prevents the 

cracking of the h-PDMS (72). Later, Lee and coworkers achieved a resolution of 40 

nm by adding specific solvents into the h-PDMS prepolymer to lower the viscosity 

and  improve the wettability, thus facilitating the penetration of h-PDMS into the 

voids (60). 

        The solvent-assisted nanotransfer molding (nTM) method is employed in my 

study to replicate nanotopographies in a parallel manner. The remainder of this 

chapter will discuss our fabrication and replication techniques in detail. 
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2.2. Fabrication of master nanotopographies via multiphoton absorption 

polymerization 

2.2.1. Principles of multiphoton absorption polymerization 

        In the process of MAP, n photons (n ≥ 2) need to arrive at the same place 

simultaneously for the n-photon polymerization to occur. The total energy of the 

photons is equal to that needed to promote the electron from the ground state to the 

excited state. In two-photon absorption polymerization, which is employed in this 

study, the probability of excitation is proportional to the square of the light intensity. 

Due to this nonlinear intensity dependence, localization of excitation within the focal 

volume of a laser beam can be achieved (Figure 2.1A).  An arbitrary 3D structure can 

then be fabricated by moving the sample stage in three dimensions (Figure 2.1B). In 

contrast, for single-photon absorption, the number of molecules excited is 

independent of the illuminated area, which results in absorption throughout the whole 

volume in which the light propagates (73) (Figure 2.1A).  
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Figure 2.1. (A) Fluorescence in a rhodamine B solution excited by single-photon 

excitation (left) and by two-photon absorption of a mode-locked Ti:sapphire laser 

tuned to 800 nm (right) (73). (B) Schematic of the sample setup. 

 

2.2.2. Experimental details 

         Coverslips were exposed to oxygen plasma (Harrick, PDC-32G) for 3 min and 

then functionalized with (3-acryloxypropyl)trimethoxysilane (SIA0200.0, Gelest) to 

enhance the adhesion of fabricated structures to the surface. Acrylic resin was 

prepared by mixing 49 wt% tris (2-hydroxyethyl) isocyanurate triacrylate (SR368, 

Sartomer) (Figure 2.2A), 49 wt% dipentaerythritol pentaacrylate (SR399, Sartomer) 

(Figure 2.2B) and 2 wt% Lucirin TPO-L (2,4,6-

trimethylbenzoylethoxyphenylphosphine oxide, photoinitiator). Dipentaerythritol 

pentaacrylate tends to shrink upon polymerization. The shrinkage was used to 

fabricate finer features. One drop of acrylic resin was sandwiched between two 

coverslips, with two pieces of tape used between the coverslips as spacers. The 

sample was then mounted on a piezoelectric stage for 3D fabrication.  
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Figure 2.2. Chemical structures of (A) SR368 and (B) SR399. 

 

        A commercial Ti:sapphire laser (Coherent Mira 900 F) with a repetition rate of 

80 MHz and a pulse duration of approximately 100 fs was employed as the excitation 

source. The laser was tuned to 800 nm and the beam was transmitted through a 100×, 

1.45 NA, oil-immersion objective on an inverted microscope (Zeiss Axiovert 135). 

The average power for fabrication was 3 to 5 mW, as measured at the sample. The 

master nanotopographies were fabricated by moving the sample in three dimensions 

via a piezoelectric stage that was controlled by a LabVIEW program. The fabrication 

process was monitored in real time. 

        After fabrication, the master structures were developed in dimethyl formamide 

and ethanol. The substrate was then dipped in hexane to prevent structural collapse 

due to surface tension and baked at 90 °C to harden the structures.  
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2.3. High-resolution solvent-assisted nanotransfer molding 

        The master surfaces were functionalized with primary amines using a mixture of 

ethylenediamine (E26266, Sigma-Aldrich) and ethanol (1:4, V/V) for 30 min, and 

then were treated with a solution containing 0.03 g of perfluorooctadecanoic acid 

(L16837, Alfa Aesar), 4.5 g of hexafluorobenzene (H8706, Sigma-Aldrich), 16 mL of 

ethanol and 50 µL of methanol for 1 h to minimize the surface energy, facilitating the 

release of cured PDMS. To prepare h-PDMS, hexane was selected as the solvent, not 

only because of its low viscosity, high volatility and high solubility in PDMS (74), 

but also because its nonpolar nature would enhance the wettability on the 

hydrophobic surface. 1.7 g of vinyl PDMS prepolymer (VDT-731, Gelest), 9 µL of Pt 

catalyst (SIP6831.2, Gelest), 0.05 g of modulator (87927, Sigma-Aldrich), 0.5 g of 

hydrosilane (HMS-301, Gelest) and 1 g of hexane were mixed. The mixture was spin-

coated on the master surface (1000 rpm, 40s), allowed to sit at room temperature for 2 

h, and then baked at 60 °C for 1 h. Soft PDMS (s-PDMS) was prepared by mixing the 

base and curing agent (Sylgard 184, Dow Corning) in a 10:1 mass ratio. After 

degassing, the uncured s-PDMS was poured onto the precured h-PDMS and baked at 

60 °C for 1 h. After curing, the composite PDMS was peeled off of the master surface 

(Figure 2.3). For the nanoridges and nanosawteeth that will be discussed in the 

following chapters, the peeling direction was along the lines and the slants with 

increasing height, respectively.  
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Figure 2.3. Flow chart of the solvent-assisted nanotransfer molding of nanoridges. 

 

        Replicas were created by sandwiching a drop of acrylic resin between the mold 

and an acrylate-functionalized coverslip and then UV curing (Blak-Ray, B-100AP, 

100 W, 365 nm, samples were placed 254 mm from the source). The resin for making 

replicas was composed of 49 wt% tris (2-hydroxyethyl) isocyanurate triacrylate 

(SR368, Sartomer), 49 wt% ethoxylated (6) trimethylolpropane triacrylate (SR499, 

Sartomer) (Figure 2.4) and 2 wt% Lucirin TPO-L. This formulation exhibits little 

shrinkage, and thus can replicate the nanotopographies with high fidelity. Replicas 

were UV cured either for 5 min or 50 s, depending on the subsequent application.  
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Figure 2.4. Chemical structure of SR499.  

 

        Nanogrooves (the negative of nanoridges) were prepared using a double-

molding process, in which the mold of the nanoridges was treated as a master (Figure 

2.5). The mold was exposed to oxygen plasma for 30 s and coated with 

(tridecafluoro-1,1,2,2,-tetrahydrooctyl)methyldichlorosilane (SIT8172.0, Gelest) in a 

dessicator to facilitate the release of PDMS. The master was then molded and 

replicated with the aforementioned method. 
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Figure 2.5. Flowchart of the replication of nanogrooves through double-molding 

process. 

 

2.4. Surface coating with proteins 

        The surfaces for studying cell migration need to be pretreated to ensure 

biocompatibility for various cell types. All surfaces were immersed in ethanol for at 

least 5 h to allow the toxic residual photoinitiator and its by-products to diffuse out. 

Because D. discoideum adheres to the surface non-specifically, the surfaces for D. 

discoideum were UV-cured for 5 min without special coating. However, neutrophils 

migrate by forming focal adhesion complexes on the surfaces, so it is necessary to 

coat the surfaces with fibronectin or collagen. Surfaces for neutrophils were UV-
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cured for 50 s. This shorter curing time renders the acrylic resin only partially cross-

linked, which provides the residual vinyl groups needed to react with amine groups 

on the proteins through Michael addition. The surfaces were coated with 1 µg/mL 

fibronectin in Hank’s balanced salt solution (HBSS) (F1141, Sigma-Aldrich; Hilyte 

Fluor 488 labeled fibronectin: FNR02-A, Cytoskeleton) at 37 °C for 1 h and washed 

with HBSS.  

   

2.5. Results and Discussion 

2.5.1. Characterization of nanotransfer-molded topographies 

        Both master and replica of nanoridges were coated with Pt/Pd and characterized 

by scanning electron microscopy. The nanoridges were faithfully reproduced (Figure 

2.6), although the ridges on the replica are usually a few nanometers wider than those 

on the master (cf. Figures 2.6A and B), presumably due to the shrinkage of PDMS 

upon curing. Another factor that may contribute to the small deviation—which 

approaches the size of a large molecule—is the anti-adhesion perfluorocarbon coating 

on the master surface. The perfluorocarbon coating not only lowers the surface 

energy, but also introduces steric hindrance on the wetting of the master surface by h-

PDMS prepolymer. To improve the resolution further, a different perfluorocarboxylic 

acid with a shorter chain length could be used, provided that the resultant surface 

energy is still low enough to prevent the h-PDMS from sticking to the master surface.  
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Figure 2.6. Scanning electron micrographs of master (A) and replica (B) of 

nanoridges. Scale bar, 1 µm.  
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        Besides nanoridges, other nanotopographies, such as sawteeth, rings and dots, 

were also molded with high fidelity (Figure 2.7).  

 

 

Figure 2.7. Scanning electron micrographs of (A,B) nanosawteeth, (C) concentric 

rings and (D) nanodots. Scale bars, (A) 1 µm, (B-D) 3 µm.  

 

2.5.2. Characterization of nanogrooves molded through a double-molding 

process 

        The nanogrooves are more than 100 nm wider than the nanoridges replicated 

from the same master (cf. Figures 2.8A and 2.8B). One reasonable explanation for 

this effect is that the hexane in the h-PDMS prepolymer involved in the double-

molding process may cause the first mold to swell and lengthen in every dimension. 
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This problem may be alleviated by replacing the 1 g of hexane in the h-PDMS 

prepolymer with a mixture of hexane and a poor PDMS solvent, such as ethanol, 

because a mixture of a good and poor PDMS solvent is known to reduce the swelling 

effect (74).  On the other hand, in the double molding process, the anti-adhesion 

surface treatment of the first mold was carried out via vapor-phase deposition through 

the reaction between the fluorosilane and the oxidized PDMS. Because the 

fluorosilane is highly sensitive to water, moisture-induced copolymerization may 

occur, which leads to surface roughening and inhomogeneous coating (75). The 

roughened surface and coating inhomogeneity may prevent the h-PDMS prepolymer 

from accurately conforming to the intrinsic nanotopographies, and thus result in an 

enlarged complementary nanotopography on the second mold.  

 

Figure 2.8. Scanning electron micrographs of molded nanoridges (A) and molded 

nanogrooves (B). Scale bars, 1 µm.  
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2.5.3. Resolution of solvent-assisted nTM 

        Nanotransfer molding using composite PDMS provides a practical route to 

replicating sub-50-nm (76) and even sub-10-nm features (77-80) in a parallel manner. 

Whitesides and coworkers have demonstrated the molding of 50-nm horizontal (76) 

and 2-nm vertical features (77). Rogers and coworkers extended both the horizontal 

and vertical resolution to less than 2 nm in the molding of single-walled carbon 

nanotubes attached to a substrate (78, 79). Replication of molecular-scale features 

(Ångstrom) has also been demonstrated by Whitesides and coworkers in the molding 

of regular arrays of single molecular-height steps on the faces of ionic crystals (80). 

Despite the established high resolution, the features that were used in these studies 

either distribute sparsely on the substrate or have a low aspect ratio (height:width < 

1:5).  

        To investigate whether nTM could faithfully replicate dense nanotopographies 

with a relatively higher aspect ratio (height:width = 2:3), I fabricated a master surface 

composed of 250-nm-wide ridges spaced by 150-nm-wide grooves (pitch 0.4 µm). 

The AFM images in Figure 2.9 show that the width of the ridges is mostly reproduced, 

whereas the height of the ridges on the replica is slightly shorter than that of ridges on 

the master surface (cf. Figures 2.9A and B).  
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Figure 2.9. Atomic force micrographs of the master (A) and replica (B) of 0.4-µm-

spaced nanoridges.  

 

        For further assessment of the nTM resolution, it would be desirable to mold even 

smaller and denser features. However, the width of a voxel fabricated with MAP is 

200 to 300 nm. Therefore, MAP-fabricated nanoridges with a pitch smaller than 0.4 

µm would be indistinguishable due to overlap with the adjacent ridges. As an 

alternative, nanograss created by treating nanoridges with reactive ion etching (RIE) 

was used to investigate the nTM resolution. In RIE, a plasma is created between two 

electrodes. Ions that chemically react with the sample are accelerated in an electric 

field, delivered vertically, and bombarded onto the sample, leading to anisotropic 

etching. To create nanograss by treating the molded nanoridges with RIE, we used a 

gas mixture of O2 (5 sccm) and CHF3 (15 sccm), with a radio frequency (RF) of 150 
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W, a pressure of 50 mTorr, and an etching time of 10 minutes. Because the surface of 

the nanograss is already coated with fluorocarbon through RIE, no anti-adhesion 

treatment is needed before the nTM. As shown in Figures 2.10A and B, nanograss 

created by RIE has a thickness of approximately 25 nm and a spacing of 

approximately 25 nm. In contrast, the molded nanograss appears thicker and the 

blocks connect to one another (Figures 2.10C and D). It is worth noting that 

nanoparticles with a diameter of 20-30 nm were created through RIE. Although some 

details of nanograss were lost in nTM, the shapes of nanoparticles were retained, 

presumably due to the low aspect ratio.  

 

Figure 2.10. Scanning electron micrographs of the master (A,C) and replica (B,D) of 

RIE-treated nanoridges. Scale bars, 200 nm.  
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        The theoretical limit of nTM is determined by the average chemical bond length 

and distance between crosslinks in h-PDMS (78), as well as by the molecular 

organization and interaction between the master and h-PDMS surfaces (80).  In all the 

nTM experiments we performed, the master surfaces were coated with fluorocarbon 

to lower the surface energy and facilitate the release of the composite mold. However, 

a low-energy surface is associated with a low wettability, which prevents the h-

PDMS prepolymer from perfectly conforming to the nanotopographies. One possible 

solution is adding a solvent into the h-PDMS prepolymer to reduce the surface 

tension of the mixture. Zisman has found that on a low-energy surface, cos θ (θ is the 

angle of contact) increases linearly as the surface tension of the liquid decreases (81, 

82). For our nTM process, perfluorohexane is a promising solvent due to its low 

surface tension (γ = 11.91 mN/m at 20 °C, compare this, for example, with hexane for 

which γ = 18.43 mN/m at 20 °C) and low viscosity (0.67 cp at 25 °C). The molecular 

similarity between perfluorohexane and the perfluorocarbon coating on the master 

surface is also conducive to the conformal contact. Additionally, when the features to 

be molded are only an order of magnitude larger than the molecular scale—such as 

nanograss—the thickness of the anti-adhesion coating needs to be considered due to 

its influence on conformability. As discussed in Section 2.4.1, a perfluorocarboxylic 

acid with a shorter chain length could be used instead.  

        Some other processing conditions can also be adjusted to improve the nTM 

resolution. Rogers and coworkers have found that the resolution and crosslink density 

of the h-PDMS are correlated, and that the resolution and roughness are related (78). 

Therefore, we can further tune the formulation and curing temperature of h-PDMS 



 

 36 
 

towards a higher crosslink density and resolution. Separating the replica from the 

PDMS stamp while the two are immersed in liquid has also been shown to decrease 

the surface roughness (77). Spin-casting h-PDMS prepolymer at a higher speed and 

pre-curing it under vacuum may improve the conformability. All of these processing 

conditions are worth further investigation.  

 

2.5.4. Coating nanotopographies with protein 

        Nanosawteeth were replicated through solvent-assisted nTM with UV curing for 

50 s. The surface was coated with HiLyt-488-labeled fibronectin as described in 

Section 2.3. A Leica SP5X laser scanning confocal microscope was used to image the 

fluorescent-fibronectin-coated nanotopographies. Figure 2.11A shows the maximum-

intensity projection of the z-stack images of the coated surface obtained using the 

ImageJ software package (NIH) (83). The uniform fluorescence intensity indicates a 

uniform fibronectin coating. Live cell imaging shows that neutrophils elongate and 

migrate unidirectionally along the nanosawteeth, which will be discussed in detail in 

Chapter 4.  Figures 2.11B and D are the bright-field micrographs of a fixed neutrophil 

on nanosawteeth (Figure 2.11B) and a flat surface (Figure 2.11D). The cells spread on 

the surface and exhibit polarized morphology. Paxillin, which is a focal-adhesion-

associated protein, was fluorescently stained in the fixed neutrophils. The presence of 

focal adhesions further confirms that the surface was coated with fibronectin (Figures 

2.11C and E). Because the coating is accomplished through the Michael addition 

reaction between the vinyl groups on the surface and the amine groups in the protein, 
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this method can be broadly applied to any type of protein to be coated onto the 

surface.  

 

 

Figure 2.11. (A) Maximum-intensity projection of z-stack images of fluorescent-

fibronectin-coated nanosawteeth. Scale bar, 8 µm. Bright-field micrographs of 

neutrophils on fibronectin-coated nanosawteeth (B) and flat surface (D). (C),(E) 

Maximum intensity projection of the same cells with paxillin stained. 

 

        Previous work in our group (unpublished) has demonstrated that 

perfluorocarbon-coated nanoridges trap air in the gaps when the surface is immersed 
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in water. Therefore, differential protein coating on the nanoscale may be achieved by 

coating the nanoridges with hydrophobic molecules (such as a hydrocarbon with a 

long chain length). Due to the hydrophobicity of the coated surface and the surface 

tension of water, water molecules will be prevented from penetrating into the gaps. If 

the surface is immersed in a protein solution, then the protein is only allowed to touch 

the tops of the nanoridges. Through the interaction between the hydrocarbon on the 

surface and lipophilic domain of the protein, differential protein coating on top of 

nanoridges could be accomplished in principle. This nanoscale differential coating 

could be one of our future directions.  

 

2.6. Summary 

        Nanotopographies fabricated with MAP can be faithfully replicated using 

solvent-assisted nTM in a parallel manner. Adding solvent into the h-PDMS 

prepolymer to reduce the viscosity improves the conformability, leading to a higher 

molding fidelity.  nTM is capable of replicating diverse nanotopographies, such as 

ridges, grooves, rings, sawteeth and dots. The molding resolution depends on the 

aspect ratio and density of the master structures. For dense structures with a high 

aspect ratio, such as nanograss, the molding resolution is larger than 30 nm. The 

functionality of the replica for protein coating can be manipulated by tuning the UV-

curing period. Neutrophils plated on a fibronectin-coated nanosawteeth have been 

shown to form focal adhesions and migrate on these surfaces. Solvent-assisted nTM 

and surface coating with proteins open the door to mass production of biocompatible 
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and biofunctional surfaces with nanotopographies, which provide a versatile platform 

for studying various biological problems.  
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Chapter 3: Bidirectional Contact Guidance of Actin Waves 

through Dynamic Sensing of Nanoridges/Nanogrooves 

Section 3.2.1. is adapted from M. K. Driscoll, X. Sun, C. Guven, J. T. Fourkas, W. 

Losert, Cellular Contact Guidance through Dynamic Sensing of Nanotopography. 

ACS Nano 8, 3546-3555 (2014). Driscoll and Guven developed the analysis tools. 

Sun carried out nanofabrication and cell experiments.  

 

3.1. Introduction 

        In natural biological systems, cells are not only guided by chemoattractants, but 

also by the micro- and nano-scale topographies of the extracellular matrix (ECM), 

such as collagen fibers and a fibronectin meshwork. The length scale of these 

topographies ranges from microns for collagen fibers down to 3 nm for surface 

adhesion molecules. With the advent of new methods in nanofabrication, various 

topographies mimicking the length scale of the ECM have been fabricated to study 

contact guidance. Diverse cell types, such as mesenchymal cells, epithelial cells, 

fibroblasts and macrophages, have been shown to elongate and align parallel to 

micro- and nano-gratings (28-31, 34, 35, 84, 85). These cell types form focal 

adhesion complexes with the surface, and a selective clustering of integrins on the 

topographical features has therefore been speculated to induce contact guidance (34, 

85).  

        To investigate whether focal adhesions or any other factors are required in 

contact guidance, we studied the effect of nanoridges on the migration and cell shape 
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dynamics of the amoeba Dictyostelium discoideum (D. discoideum), which lacks 

focal adhesion complexes and adheres to the surface non-specifically (86). We 

observed significant contact guidance of D. discoideum along nanoridges. Cells that 

moved parallel to the nanoridges were faster, more protrusive at their fronts, and 

more elongated than were cells that moved perpendicular to the nanoridges. The 

greatest contact guidance efficiency was achieved on ridges that were spaced 1.5 µm 

apart; this is a comparable length scale to previously reported actin waves (45).  Cells 

treated with latrunculin, which sequesters actin monomers and depolymerizes F-actin, 

were round and immotile on nanoridges, suggesting that actin polymerization is 

required for contact guidance.  

        Because cell polarization and migration are the direct results of actin 

polymerization and depolymerization, a number of previous studies have attempted to 

elucidate the role of actin in contact guidance. Surfaces coated with nanoparticles that 

are 70 nm in diameter lead to a disruption of the actin scaffolding and a loss of stress 

fibers in osteoblasts (87). F-actin aligns along micro/nanogratings (29, 85, 88-93), 

and has been proposed as the driving force for the observed contact guidance. Actin 

stress fibers have also been shown to align along an oriented 3D matrix (39). Actin 

waves have been shown to dissipate upon colliding with large barriers, enabling the 

cell to reorient and flow around the barrier (46).  In our experiments, we used F-actin-

labeled D. discoideum to study the effect of nanoridges/grooves on actin-wave 

propagation. The remainder of this chapter will discuss the dynamics, morphology 

and guidance efficiency of actin waves in details.  
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3.2. Results and Discussion 

3.2.1. Actin waves are guided along nanoridges/grooves 

        To investigate the dynamics and morphology of actin waves on 

nanoridges/grooves directly (Figures 2.8A and B), we imaged LimEΔcoil-GFP cells 

in an AX3 background. LimE is a LIM-domain containing protein that is strongly 

recruited to polymerizing actin (94, 95). The coiled-coil domain at the C-terminal end 

of LimE, which is not required for F-actin binding, has been eliminated in our 

construct because the truncated protein exhibits a reduced cytoplasmic fluorescence 

background (56).  

        We found that the actin polymerization waves travel along the nanoridges. Actin 

appears to polymerize into linear streak-like structures on the opposite sides of a 

nanoridge, with each streak extending up to 500 nm away from the nanoridge. The 

two linear actin waves exhibit coupled dynamics (Figure 3.1A), suggesting that the 

actin streaks connect to each other across the top of the nanoridge. Images taken at 

the top of the nanoridges still show the accumulation of F-actin, confirming the 

linkage between the two streaks (Figure 3.1B). Therefore, actin polymerization 

preferentially occurs around a nanoridge, and propagates along the nanoridge as a 

whole. The total actin wave size around a single ridge is about 1.2 µm (the sum of the 

width of two actin streaks and the width of the ridge), which is similar to the reported 

actin wave size on a flat surface (45). In contrast to the coupled dynamics of actin 

waves on nanoridges, actin waves in nanogrooves separated by microridges are not 

coupled and propagate independently (Figure 3.1C). We did not observe preferential 
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actin polymerization on top of microridges between adjacent nanogrooves. The 

absence of F-actin accumulation on top of microridges suggests that the width of the 

ridges may affect the coupling dynamics of actin waves, and that the curvature of the 

ridges may affect the initial actin polymerization. Curvature has been shown to bias 

the location of actin branching nucleation (43). Therefore, the high curvature on the 

top of nanoridges may promote the nucleation of F-actin and enhance the coupling of 

actin streaks.  
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Figure 3.1. (A) Serial confocal images of coupled actin waves propagating along the 

sides of a single ridge. Scale bar, 1 µm. (B) Confocal images taken at the bottom (left) 

and top (right) of nanoridges, illustrating that actin polymerization occurs around 

individual ridges, the position of which are depicted with white lines. (C) Serial 

confocal images of actin waves propagating independently in nanogrooves. Scale bar, 

2 µm. 

 

        We found that even in cells that migrate perpendicular to the nanoridges, actin 

waves still travel parallel to the nanoridges (Figure 3.2A). Our study on cell shape 
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dynamics using principal-component analysis has shown that cells that are 

perpendicular to nanoridges tend to turn to improve their alignment (86). The 

observed actin waves travelling along the nanoridges in cells that migrate 

perpendicular to the nanoridges may cause the cells to turn and rectify the direction of 

cell motion. The linear actin waves initially travel along the nanoridges at a constant 

speed, than stall and depolymerize (Figure 3.2B). The wave speed is 20 to 35 

µm/min, which is comparable to the speed of membrane curvature waves (96), and is 

much faster than the 10-µm/min actin wave speed on a flat surface (45). Before 

stalling, the wave travels continuously on a time scale of 25 s (Figure 3.2B). This 

time scale is similar to the time scale that we found for dynamic, actin-based 

protrusions, as cells generate new protrusions roughly every 20 s (96).  
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Figure 3.2. (A) Maximum-intensity projection of cells migrating perpendicular to 1.5-

µm-spaced nanoridges. (B) Kymograph of an actin wave traveling between two 1.5-

µm-spaced nanoridges. The wave’s initial speed is 21 µm/min. Vertical scale, 13 µm.  

 

3.2.2. Guidance efficiency on actin waves depends on ridge spacing 

        We imaged actin waves in D. discoideum cells on nanoridges that were spaced 

0.8 µm, 1.5 µm, 3 µm, and 5 µm apart. We found that streaks of actin waves are more 

apparent on 0.8- and 1.5-µm-spaced ridges, whereas actin polymerization at the 

leading edge dominates on 3- and 5-µm-spaced ridges. This phenomenon can be 

explained by the number of ridges that individual cells span. Nanoridges with a small 

spacing (0.8 µm and 1.5 µm) provide more guidance cues for individual cells, and 
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thus promote the formation of more actin streaks.  Actin streaks are also observed on 

nanoridges with a large spacing (3 µm and 5 µm), but the streaks often expand onto 

the flat area between ridges and convert into circular waves, as shown in Figure 3.3. 

These circular waves can still be guided when they encounter nanoridges. Figure 3.3 

shows an example in which a circular wave that initially propagates perpendicular to 

the nanoridges collides with a ridge, transforming into actin streaks that are guided 

along the ridge.  

 

Figure 3.3. Serial confocal images of actin waves on 3-µm-spaced nanoridges. The 

nanoridge positions are depicted with white lines.    

 

        We adapted an optical-flow algorithm to determine the direction and magnitude 

of the apparent flux of actin polymerization for each pixel (details will be discussed 

with the tracking of actin polymerization in neutrophils in Chapter 4). The plots of 

actin-flux directionality show that nanoridges exert bidirectional guidance on actin 
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waves (Figure 3.4). The guidance efficiencies of 0.8- and 1.5-µm-spaced ridges are 

comparable, and are both higher than that of 3-µm-spaced ridges.  

 

Figure 3.4. Directionality of actin waves on nanoridges with spacings of 0.8, 1.5 and 

3 µm.  

 

        Our previous study showed that the highest guidance efficiency of cell motion is 

achieved on 1.5-µm-spaced nanoridges (86). This optimum spacing may be related to 

the intrinsic width of actin streaks. As previously discussed, the number of guidance 

cues for individual cells decreases as the ridge spacing increases, which explains the 

reduced guidance efficiency on nanoridges with a large spacing. However, as the 

spacing of nanoridges decreases, more actin streaks are formed. This enhanced actin 

polymerization may deplete the reservoir of actin monomers more quickly, and the 

geometric confinement between adjacent ridges may prevent new actin monomers 

from diffusing in. Therefore, nanoridges with a small spacing can give rise to 

relatively short actin streaks with a short persistence time. Such streaks may 

depolymerize before reaching the plasma membrane. This hypothesis can explain the 
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observed decrease in the guidance efficiency of 0.8-µm-spaced ridges compared with 

1.5-µm-spaced ridges (86). Additionally, the gap between adjacent ridges can be 

smaller than the intrinsic width of actin streaks (500 nm), which may prevent the 

formation of actin streaks or result in thin actin streaks that are too weak to generate 

enough force on the plasma membrane. The 1.5-µm-spaced nanoridges have a ridge 

width of 300 nm and gap width of 1200 nm. The gap roughly fits two actin streaks 

adhering on the sides of adjacent ridges, presumably leading to the most efficient 

preferential actin polymerization along the ridges and thus the optimum contact 

guidance of cell motion.  

        We also analyzed the joint probability density of actin wave alignment and speed 

on nanoridges with different spacings (Figure 3.5). We found that both the variance 

of wave speed and the variance of wave alignment increase as the ridge spacing 

increases, suggesting that nanoridges constrain actin waves and mediate their 

characteristics.  

 

Figure 3.5. Joint probability distribution of total wave speed and wave alignment for 

all waves on different spacings. (Figure courtesy of Can Guven) 



 

 50 
 

3.2.3. Helical actin waves between adjacent nanoridges versus linear actin waves 

in nanogrooves 

        We found that linear actin waves that initially adhere to the sides of the ridges 

can transform into helical waves that propagate through the gap between adjacent 

ridges if the nanoridges are closely spaced (spacing of 1.5 to 2 µm). Figures 3.6A and 

B show a top-view kymograph and a side-view snapshot, respectively, of such a 

helical wave on 2-µm-spaced nanoridges. The repeating helical length is 3.5 to 6.5 

µm, and the diameter of the helix is 1 to 1.5 µm. The persistence time of the helical 

wave is roughly 22 s, after which the wave stalls and depolymerizes (Figure 3.6A). In 

most helical waves that we measured, the wave traveled through two helical repeating 

units before stalling and depolymerizing. The fact that the wave traveled through two 

helical lengths in 22 s gives a wave propagation speed of 19 to 35 µm/min (minimum 

speed: 3.5 × 2 / 22 × 60 = 19 µm/min, maximum speed: 6.5 × 2 / 22 × 60 = 35 

µm/min), which matches the actin-wave speed that we have previously measured (see 

Section 3.2.1). Additionally, actin streaks adhering on the sides of a ridge also exhibit 

helical morphology with a half wavelength of roughly 2.5 µm, and the streaks tend to 

appear in opposite handedness (Figure 3.6C).    

        In contrast, due to the confinement in nanogrooves, actin polymerizes in linear 

waves (Figure 3.6D). The width of the nanogrooves is comparable to the intrinsic 

width of actin streaks, leaving no extra space for the helix to form. It is worth noting 

that persistent actin aggregates form sporadically on the linear waves, as highlighted 
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in white boxes in Figure 3.6D. The property and function of these actin aggregates 

require further investigation.  

 

Figure 3.6. (A) Top-view kymograph and (B) side-view snapshot of a helical actin 

wave traveling between two 1.5-µm-spaced nanoridges. The diameter (height) of the 

helical wave is 1.5 µm. (C) Helical morphology of actin waves adhering on the sides 

of a single ridge. (D) Kymograph of straight actin waves traveling in nanogrooves 

that are 500-nm wide.  

 



 

 52 
 

        F-actin is intrinsically a right-handed helix (50). To release torque, helical 

filamentous molecules, such as DNA and collagen, tend to form a superhelix or a 

supercoil upon bending. The actin shaft within filopodia has been found to undergo 

helical coiling and rotational motion, leading to the axial shortening of actin bundles, 

which is translated into a traction force at the filopodial tip (97). Purich and 

coworkers have demonstrated that Listeria monocytogenes forms consistent right-

handed helical actin comet tails during actin-based motility in cell-free extracts (51). 

However, this right-handed homochirality was not observed with microbeads coated 

with a different actin-nucleation-promoting factor, indicating that the ultrastructure of 

the actin network is crucial in establishing a consistent handedness, because a 

different actin-nucleation-promoting factor may produce a slightly different actin 

network architecture (98, 99). Bershadsky and coworkers have recently demonstrated 

that cellular chirality arises from actin chirality, and that cellular chirality can be 

reversed by mediating the torque produced by the rotation of F-actin with actin-

crosslinking proteins (100). Although the opposite handedness of the helical actin 

waves on the opposite sides of a ridge (Figure 3.6C) that we proposed requires further 

investigation, several studies support the plausibility of our hypothesis. Vunjak-

Novakovic and coworkers have found that the boundary of micropatterns is essential 

in establishing cellular chirality, and that the biased direction of cell migration is 

determined by the position of the boundary relative to the cells (101). Mezzenga and 

coworkers have found that when a chiral and polar fibril is placed in an 

inhomogeneous environment such as an interface, fibril bending and ring formation 

are induced (102). Based on these findings, it is reasonable to propose that the high-
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curvature top surface of the nanoridges induces the initial nucleation of actin, which 

then propagate along the sides down to the bottom surface of the grooves, forming 

helical waves with opposite handedness. 

  

3.2.4. Flickering F-actin rings around nanodots versus traveling actin waves on 

nanoridges with nanodots equally spaced on top 

        We also replicated separated nanodots with a diameter of 500 nm (Figure 3.7A) 

and nanodots that are connected with nanoridges (Figure 3.7B). We observed 

preferential actin polymerization around each nanodot (Figure 3.7C), leading to F-

actin rings with a persistence time of roughly 40 s. These F-actin rings flicker on and 

off. Figure 3.7D shows the average fluorescence intensity around adjacent nanodots 

as a function of time. We found that the peak intensity around dot 1 corresponds to a 

dark state around dot 2, indicating that the fluorescence around adjacent nanodots is 

probably negatively correlated, presumably due to the competition for, and depletion 

of, actin monomers, actin nucleation promoting factors, and ATP in the limited 

microenvironment. Because there are few traveling actin waves on nanodots, cells on 

nanodots are reluctant to move, although they extend more filopodia to explore the 

environment. In contrast, actin waves on nanodots that are connected with nanoridges 

initiate around a dot and propagate along the ridges bidirectionally. The traveling 

actin waves tend to stall when they encounter a dot (Figure 3.7E).  Cell migration is 

also bidirectionally guided along the ridges due to the guided actin waves.  
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Figure 3.7. Scanning electron micrographs of separated nanodots (A) and nanodots 

that are connected with nanoridges (B). Scale bars, 2 µm. (C) Snapshot of persistent 

F-actin rings around separated nanodots. (D) Average fluorescence intensity around 

adjacent nanodots as a function of time. (E) Kymograph of an actin wave on nanodots 

that are connected with nanoridges. The wave initiates from a nanodot and travels 

along the nanoridge in opposite directions. The wave tends to stall upon encountering 

another nanodot.   
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3.3. Summary 

        We found that actin preferentially polymerizes along nanoridges and 

nanogrooves in D. discoideum. Actin waves on nanoridges exhibit coupled dynamics, 

whereas waves on nanogrooves do not. Actin polymerization preferentially occurs 

around individual nanoridges, forming a wave that travels along the ridges at 25 to 30 

µm/min. Even in cells that migrate perpendicular to the nanoridges, actin waves are 

still mostly guided along the ridges. The guidance efficiency of actin waves depends 

on the spacing and gap width of the nanoridges. Nanoridges with a spacing that 

provides enough guidance cues for individual cells and a gap width that fits the 500-

nm-wide actin streaks most efficiently, such as the 1.5-µm-spaced nanoridges with a 

gap width of 1.2 µm, lead to the optimum cellular contact guidance.  

        We observed helical actin waves that propagate through the gaps between 

adjacent nanoridges with a spacing of 1.5 to 2 µm. The waves travel through two 

helical repeating units with a persistence time of 22 s before depolymerization. Actin 

polymerizes into straight linear waves in nanogrooves, due to the confinement arising 

from the small groove width (500 nm).  

        Actin preferentially polymerizes into persistent rings around individual nanodots, 

however, actin waves on nanodots that are connected with nanoridges initiate around 

individual dots and propagate along the ridges. Further investigation is required to 

elucidate the mechanism of the transition between static and traveling actin waves. 
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3.4. Outlook 

        Because the coupled dynamics of actin waves depend on the ridge width, it is 

worthwhile to evaluate the effects on cellular contact guidance and actin wave 

dynamics of sets of ridges with constant spacing and systematically varying widths. 

We can establish a correlation between the ridge width and the persistence length, as 

well as the propagation speed, of the actin streaks. Wide ridges can be used to assess 

at what width the linear F-actin streaks on two sides of a single ridge do not appear in 

pairs. As the ridge width further increases, the gap width between adjacent ridges will 

drop to a value that is smaller than the intrinsic width of actin streaks (500 nm). We 

can assess the probability of the formation of actin streaks in these thin gaps, and how 

the cellular contact guidance is affected if the thin actin streaks still form. On the 

other hand, resolution augmentation through photo-induced deactivation (RAPID) 

can be employed to fabricate thinner and sharper ridges, which can be used to 

investigate whether the thin ridges enhance the coupled dynamics of actin waves and 

whether the high-curvature features promote initial actin nucleation.  

 

        We previously observed static actin aggregates with a persistence time of tens of 

seconds in cells that were plated on nanoparticle-coated surfaces and reactive-ion-

etching-treated (RIE-treated) polymer films (nanograss). Based on this observation, 

we hypothesize that rough surfaces induce the formation of static F-actin. It is of 

great interest to investigate the effect of rough nanoridges–such as RIE-treated 

ridges and nanoparticle-coated ridges– on guidance efficiency. Both of these 

nanotopographies can be molded through solvent-assisted nTM with high fidelity, as 
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discussed in Chapter 2. The replication of the nanoparticle-coated ridges with acrylic 

resin provides a nanoparticle-topography with uniform surface chemistry, which can 

be used to assess the toxicity of nanoparticles through their physical interference with 

actin. Additionally, tilted nanograss with a specific angle relative to the surface can 

be prepared through RIE. This introduced anisotropy may guide both actin waves and 

cell migration in a particular direction. Further experiments are needed to shed light 

on the interaction between actin waves and enhanced surface roughness.  

        Super-resolution microscopy is needed to study the structural details (e.g. 

handedness) and dynamics of the helical actin waves that we observed on 1.5- and 2-

µm-spaced nanoridges. Structured illumination microscopy (SIM) is an excellent 

option due to its high temporal and spatial resolution, as well as its compatibility with 

a broad variety of dyes, such as GFP. We can use SIM to observe the dynamics of 

deformed helical actin waves. The different types of deformation of a helix, such as 

bending, twisting, and stretching, are interdependent. Bending the helical wave by 

curved ridges with a particular curvature may twist a helix with one type of 

handedness and untwist a helix with the opposite handedness, causing one type of 

handedness to be more stable than the other. Enhancement of the favored handedness 

may lead to unidirectional cell motion. On the other hand, based on the observation of 

persistent F-actin rings around individual nanodots, standing waves of actin 

polymerization could be induced by a microdot with a bump on the periphery. The 

bump is intended to promote the initial nucleation of actin. The actin polymerization 

waves are likely to travel along the periphery of the microdot in the opposite 

directions. If the circumference of the microdot equals an integer number of 
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wavelengths, standing waves could form along the periphery of the microdot. All of 

these proposed experiments will deepen our understanding of helical actin waves.  

 

3.5. Materials and Methods 

        LimEΔcoil-GFP D. discoideum cells from an AX3 background were grown in 

HL-5 medium (In 1 liter of water: 20 g of maltose, 10 g of bacto proteose peptone, 5 

g of bacto yeast extract, 0.965 g of Na2HPO4·7H2O, 0.485 g of KH2PO4, and 0.03 g 

of streptomycin) at 21.5°C, washed with development buffer (DB) (5-mM Na2HPO4, 

5-mM NaH2PO4, 2-mM MgSO4, and 0.2-mM CaCl2), and resuspended in DB at a 

density of 2 × 107 cells/mL. Cells were pulsed with 20-nM cyclic adenosine 

monophosphate (cAMP) every 6 minutes for 5 h while being shaken at 150 rpm. To 

block the intracellular cAMP synthesis and cut off signal relay, cells were incubated 

with 2-mM caffeine for 20 minutes after development (55). After being plated onto a 

nanoridge surface, cells were stimulated with extraneous cAMP with a uniform 

concentration of 5 µM. Both fluorescence and bright-field images were obtained 

simultaneously on a Leica SP5 X confocal microscope every 2 seconds with a 100× 

objective. 
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Chapter 4: Asymmetric Nanotopography Biases Cytoskeletal 

Dynamics and Promotes Unidirectional Cell Guidance 

 

This chapter is adapted from Sun, Driscoll, Guven, Das, Parent, Fourkas and Losert. 

The manuscript is submitted to Proc. Natl. Acad. Sci. U.S.A. and is under review. Sun 

carried out the fabrication of sawteeth and cell experiments. Driscoll and Guven 

contributed the analysis. Das contributed to the neutrophil experiments.  

 

4.1. Introduction 

        Directed cell migration is essential for many critical biological and physiological 

processes (1), such as embryonic development (2), wound healing (3), immune 

response (4) and angiogenesis (5). Guidance of cells can be achieved through external 

gradients in properties such as chemical concentration (14, 15), substrate rigidity (16), 

and adhesion (19). The total distance over which gradients can guide cells is limited 

by the finite dynamic range of cellular sensing, i. e. guidance by a gradient between 

the front and back of each cell requires that the overall signal change significantly 

with the cell’s position (Figure 4.1A). Cells can overcome this limitation by relaying 

chemotactic signals, but chemical relay of directional information requires intricate 

orchestration and timing of signals (7, 8, 15). Shear flow is another approach to guide 

cells unidirectionally over large distances, but it is an active process that requires 

constant fluid flow. Additionally, the flow rate and the viscosity of the fluid need to 
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be controlled precisely to produce an accurate shear stress (20, 21). Surface 

nanotopography, such as ridges, grooves (30, 39, 86, 103) or aligned collagen fibers 

(104), can act as a primitive and ubiquitous guidance cue, but the symmetric 

structures used in prior studies only provided bidirectional guidance. 

        Although previous work has implicated cytoskeletal structures (in particular, the 

alignment of stress fibers (39)) in similar contact guidance processes, we have shown 

that nanotopography also steers the dynamics of the cell’s scaffolding by biasing actin 

polymerization waves (86) (see Chapter 3). Intracellular dynamics that involve the 

self-assembly of actin and its associated proteins into three-dimensional, traveling 

waves that propel a cell forward through a sustained cycle of polymerization and 

depolymerization have recently been found to be ubiquitous in cell migration (45, 46, 

48, 56). Nanotopographies that are present in natural and physiological environments, 

such as collagen fibers, often include asymmetric structures. We therefore 

hypothesized that nanotopographic asymmetries on an appropriate length scale can 

bias actin waves and cell migration unidirectionally. 

        We used surfaces composed of parallel ridges of nanosawteeth (Figure 4.1B) to 

induce unidirectional guidance in two prototypical cell types that move via amoeboid 

migration: Dictyostelium discoideum, which migrates using pseudopods that protrude 

away from surface contacts, and neutrophils, which migrate using lamellipodia that 

spread along surface contacts. Investigating cell types that use distinct mechanisms in 

migration will help to reveal the generality of the phenomenon of biasing actin waves 

and cell migration through asymmetric nanotopographies.  

 



 

 61 
 

 

Figure 4.1. (A) A global gradient must be maintained over a distance that is much 

larger than the cell length. (B) Side-view scanning electron micrograph of 

nanosawteeth. Scale bar, 3 µm.  

 

4.2. Results and Discussion 

4.2.1. Nanosawteeth guide cell migration unidirectionally 

        The sawtooth dimensions (length, height, and width) and the spacing between 

adjacent sawtooth ridges are all comparable in size to natural collagen fibers (104), 

and are considerably smaller than the dimensions of an individual cell (the average 

width of a polarized cell is 5 µm for D. discoideum and 10 µm for neutrophils). Thus, 

individual cells span several ridges and many sawteeth (Figure 4.2A). 

        To explore how D. discoideum conforms to nanosawteeth, we visualized YFP-

labeled cAR1 cells, which express a fluorescent transmembrane protein that is 

uniformly distributed in the plasma membrane (105). Figures 4.2B and C show top- 

and side-view fluorescent confocal images, respectively, of an individual cell on a 

nanosawtooth surface. The nanosawtooth boundary highlighted in the top-view image 

indicates that the cell membrane is in contact with the entire surface of each 

nanosawtooth, leading to a thicker plasma membrane around the nano-sawteeth, and 
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hence an increased cAR1-YFP density. Side-view images confirm that cells conform 

to the deepest and highest positions of nanosawteeth.  

        We imaged signal-relay-deficient D. discoideum cells (aca- mutants) without an 

external chemical gradient to study nanotopographic cell guidance. The cytoplasm 

was dyed with cellTracker Green (15) to enable tracking of centroid motion. 

Representative tracks (Figure 4.2D) exhibit substantial unidirectional bias up the 

nanosawtooth slope. 
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Figure 4.2. Guidance of cells by a surface with 2-µm-spaced ridges of sawteeth of 

length 6 µm, height 1.8 µm, and width 630 nm (denoted as 6-µm sawteeth). (A) Top-

view bright-field and (B) confocal micrographs of a cAR1-YFP-expressing cell on 

nanosawteeth. The dashed line in (A) delineates the cell boundary. (C) Side-view 

confocal micrographs of different cross-sections of a cAR1-YFP-expressing cell on 

nanosawteeth. The grey background schematic represents the nanosawtooth surface. 

Each image was obtained at a plane perpendicular to the surface in the position of the 

dashed line of the color of the image border. Scale bars in (A)-(C), 3 µm. (D) 

Centroid motion tracks of 25 representative cells over 18 min. All tracks were 

translated to begin at the black dot. The height of each sawtooth increases from left to 

right. Scale bar, 20 µm. 
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4.2.2. The direction of cellular contact guidance depends on the details of the 

nanosawteeth 

        To quantify the unidirectional bias, we analyzed cellular velocity with respect to 

the orientation of 2-µm-spaced ridges composed of nanosawteeth either 8 µm long, 

2.4 µm high, and 630 nm wide (denoted as 8-µm sawteeth) or 2 µm long, 1 µm high 

and 630 nm wide (denoted as 2-µm sawteeth). The polar histogram (Figure 4.3A) and 

the probability distribution (Figure 4.3B) of the direction of motion on 8-µm sawteeth 

demonstrate bias of motion up the sawtooth slope. There is also a slight preference 

for motion along the 90°-270° axis. This minor component of directional bias arises 

because the sawtooth ridges are in registry, and so the sawtooth minima act as 

grooves that are perpendicular to the ridges. The slowest cells exhibit the smallest 

degree of directional preference in their migration (Figure 4.3D). Furthermore, the 

most elongated cells show the greatest alignment with the ridges (Figure 4.3E). In 

contrast, the preferred direction on 2-µm sawteeth is down the nanosawtooth slope 

(Figures 4.3F-J). These results illustrate that the direction of guidance is dependent on 

the details of the nanotopography. 
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Figure 4.3. Unidirectional cell migration is sensitive to details of the nanotopography. On 8-µm 
sawteeth cells migrate up the slant (A)-(E), whereas on 2-µm sawteeth they migrate down the slant (F)-
(J). (A),(F) Polar histograms of the direction of motion. (B),(G) Probability distributions of the 
direction of motion weighted by speed. The solid line is an average over three experiments. The shaded 
area represents the standard error. (C),(H) Cartoons illustrate the definitions of the angles used to 
describe cell motion relative to the sawteeth. (D),(I) Probability densities of cellular velocity with 
respect to the sawtooth orientation. The inset shows the speed distribution and range for each quartile. 
(E),(J) Probability densities of cellular alignment with respect to the sawtooth orientation. The 
alignment direction is corrected by the direction of motion. The insets show the eccentricity 
distribution and range for each quartile. 
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        For further assessment of the relationship between the guidance direction and the 

frequency at which the cell encounters the sawteeth, it would be desirable to study 

cell motion on nanosawtooth surfaces in which the sawtooth length is 1 µm or 

smaller. However, due to the constraints of our fabrication method, it is difficult to 

fabricate asymmetric sawteeth with lengths of 1 µm or less. Instead, we fabricated 

nanosawtooth surfaces with an offset configuration in which the adjacent ridges are 

out of phase at a constant distance. Cell migration was monitored on such surfaces 

featuring 800-nm-spaced ridges of sawteeth of length 2 µm, height 400 nm, and width 

400 nm (Figures 4.4A and B). Sawteeth in adjacent ridges were offset by 1 µm. Due 

to this offset, a cell encounters one new tooth for every 1 µm of displacement. The 

spacing between ridges was reduced from 2 µm to 0.8 µm to provide each cell with 

more guidance cues. The probability distribution of direction of motion (Figure 4.4C) 

indicates that cells tend to migrate parallel to the ridges and down the sawteeth. 
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Figure 4.4. Unidirectional guidance of cell motion by a surface of offset, 2-µm 

nanosawteeth. (A) Schematic diagram and (B) side-view scanning electron 

micrograph of the offset nanosawteeth. (C) Probability distribution of direction of 

motion weighted by speed, averaged over three experiments. Scale bar in (B), 1 µm. 

 

4.2.3. Actin waves are guided in the same direction as and are more strongly 

biased than is cell migration  

        We next consider how the sawteeth influence intracellular dynamics. Snapshots 

of the spatial distribution and dynamics of actin filaments (F-actin) using cells that 

overexpress proteins associated with actin polymerization (LimEΔcoil-GFP and 

LifeAct-TagRFP) show that F-actin forms streak-like linear structures parallel to the 
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ridges of 8-µm nanosawteeth. These structures extend 500 nm away from the ridges. 

Time-lapse imaging reveals that F-actin streaks are actin polymerization waves in 

which the leading tip of each streak sweeps to probe the nanoenvironment. The linear 

actin structures that adhere to the opposite sides of a sawtooth typically exhibit 

coupled dynamics (Figures 4.5A-C), as is seen in the actin streaks adhering to the 

sides of the nanoridges (see Chapter 3). To confirm that the dynamic fluorescence 

arises from the in situ actin polymerization rather than from an optical effect, we 

imaged cAR1-YFP cells migrating on the nano-sawtooth surface as a control. The 

fluorescence in the plasma membrane remains spatially uniform, with no apparent 

bursts of intensity enhancement or depletion.  

        To assess the role of the ridges in the unidirectional contact guidance, cell 

motion was analyzed on a single sawtooth “ridge” with a width of 300 µm (i.e. a 

pattern akin to closed louvers). Cell motion on a film of 8-µm-long, 2.4-µm-high 

sawteeth (Figures 4.6A and B) exhibits a bidirectional bias along the perpendicular 

sawtooth grooves, whereas migration along the sawteeth is suppressed (Figure 4.6C). 

Therefore, the existence of ridges is a prerequisite for achieving unidirectional 

guidance, presumably because the edges of ridges promote the streak-like 

polymerization of actin adhering to them.   

        We adapted an optical-flow algorithm to determine the direction and magnitude 

of the apparent flux of actin polymerization for each pixel. Although this flux has the 

same preferred direction as cell motion, actin polymerization is more strongly 

unidirectional than is cell migration (cf. Figures 4.3B and 4.5D). Averaging 

polymerization activity around each 8-µm sawtooth shows that sawtooth minima 
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serve as sources of actin polymerization waves that propagate up the sawteeth (Figure 

4.5E). The actin waves have a uniform speed, but sometimes stall at the tips of 

sawteeth (Figure 4.5F). 2-µm nanosawteeth also induce localized waves that are 

confined along the tops of the sawteeth (Figures 4.5G-L), yet in this case the waves 

migrate preferentially down the sawtooth slope. The speed of actin waves is 

comparable in both cases, about 30 µm/min.  This behavior is consistent with the 

observed cell motion. As was the case for 8-µm sawteeth, actin polymerization is 

more strongly biased than is migration for 2-µm sawteeth (cf. Figures 4.3G and 4.5J). 
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Figure 4.5. Actin morphology and flux for D. discoideum depend on details of the nanotopography.  
(A)-(F) 8-µm nanosawteeth and (G)-(L) 2-µm nanosawteeth. (A),(G) Top-view confocal micrographs 
of F-actin on nanosawteeth. Confocal micrographs of cross-sections perpendicular to the ridges going 
through (B),(H) the sawtooth minima and (C),(I) maxima. (D),(J) Actin-wave directionality. (E),(K) 
Average actin flux around a nanosawtooth. (F),(L) 60-frame (2.55-min) space/time plot of actin waves 
along a ridge. Scale bars: 3 µm in (A)-(C) and (G)-(I), 16 µm in (F) and 4 µm in (L). 
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Figure 4.6. Perpendicular bidirectional guidance of cell motion by continuous, 8-µm 

sawteeth. (A) Schematic diagram and (B) scanning electron micrograph of the 

sawtooth film. (C) Probability distribution of direction of motion weighted by speed. 

Scale bar in (B), 10 µm. 

 

        We also studied actin-wave propagation in human neutrophils (YFP-actin 

HL60). Unlike D. discoideum, which protrudes pseudopods that can be microns 

above the surface, neutrophils extend lamellipodia (Figures 4.7A and B) that adhere 

firmly to the surface. The actin-wave dynamics in HL60 cells on nanosawteeth are 

similar to those of D. discoideum, even though actin waves in HL60 cells are 

localized in lamellipodia. HL60 cells on 8-µm nanosawteeth exhibit unidirectional 

bias of actin waves and migrate up the sawteeth (Figure 4.7C). Individual actin waves 

undergo persistent propagation along multiple sawteeth (Figure 4.7D). The average 

speed of actin waves in HL60 cells is faster when the waves are propagating up the 
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sawteeth than when they are propagating down the sawteeth (Figure 4.7E), and is 

significantly slower than in D. discoideum. Actin waves in HL60 cells on 2-µm 

nanosawteeth exhibit bidirectional guidance (Figure 4.7F). The speed of the actin 

waves on 2-µm nanosawteeth is significantly slower than that on 8-µm nanosawteeth 

(Figure 4.7G).  
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Figure 4.7. Cellular morphology and actin waves of YFP-actin HL60 neutrophils on 

nanosawteeth. (A) Bright-field micrograph and (B) confocal micrograph of a 

polarized neutrophil. (C),(F) Directionality of actin waves. (D) Space/time plot of 

actin waves along a ridge over 146 frames (4.83 min). (E),(G) Actin-wave 

propagation speed. * P ≤ 0.05, *** P ≤ 0.001. Scale bars: 4 µm in (A) and (B), 8 

µm in (D). 
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4.2.4. Separated nanosawteeth guide actin waves unidirectionally, but not cell 

motion  

        To investigate whether the continuity of the nanosawtooth ridges and their 

spacing are crucial for unidirectional guidance, we studied cell motion and actin 

waves on separated nanosawteeth (Figure 4.8A). Because we observed consistent 

unidirectional guidance down the slope on 2-µm sawteeth, and up the slope on both 

6-µm (Figure 4.8B-E) and 8-µm sawteeth, we fabricated 2-µm-spaced ridges 

composed of 6-µm-separated 2-µm sawteeth (Figure 4.8F) and 2-µm-separated 6-µm 

sawteeth (Figure 4.8G), as well as 4-µm-spaced ridges composed of 2-µm-separated 

6-µm sawteeth (Figure 4.8H) and 8-µm sawteeth (Figure 4.8I). All of these separated 

sawteeth are connected with ridges to retain the linear actin waves. A constant 

periodicity of 8 µm (the sum of sawtooth length and separation length) is maintained 

to keep the frequency at which the cell encounters the sawteeth along a single ridge 

the same. We found that cell guidance is predominantly bidirectional on all of these 

separated nanosawteeth (Figures 4.8J-M). Although Figures 4.8K and L show a slight 

bias towards up the slope, this bias is not significant. Despite the lack of 

unidirectional cellular contact guidance, separated nanosawteeth guide actin waves 

unidirectionally (Figures 4.8N-S). The preferred guidance direction is consistent with 

that of the continuous nanosawteeth of the same length, although the bias is weaker 

(cf. Figures 4.8N and 4.5J, 4.8O and 4.8 D). Actin waves on nanosawteeth with a 

ridge spacing of 2 µm are more confined along the ridges than those on nanosawteeth 

with a ridge spacing of 4 µm (cf. Figures 4.8O and P). This phenomenon corresponds 

with our results for actin waves on nanoridges with different spacings (see Chapter 3).  
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Figure 4.8. Guidance of cell motion and actin waves on continuous and separated 
nanosawteeth. (A) A schematic of separated nanosawteeth with connecting ridges. (B), (F)-(I) 
Scanning electron micrographs. Scale bars, 2 µm. (C), (J)-(M), Probability distributions of 
the direction of motion weighted by speed. (D), (N)-(P), Actin-wave directionality. (E), (Q)-
(S) Average actin flux around a nanosawtooth. 
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        We also studied actin waves on 2-µm-separated, 6-µm sawteeth and 6-µm-

separated, 2-µm sawteeth without connecting ridges. In contrast to other 6-µm 

sawteeth we have investigated, 2-µm-separated 6-µm sawteeth without connecting 

ridges guide actin waves down the sawteeth (Figure 4.9A). 6-µm-separated, 2-µm 

sawteeth without connecting ridges exhibit minimal actin-wave guidance (Figure 

4.9B). The average actin flux around each type of separated sawtooth shows that the 

sawtooth maxima serve as sources of actin polymerization waves that propagate 

down the sawteeth (Figure 4.9C and D). On 6-µm-separated, 2-µm sawteeth, the large 

portion of random actin waves on the flat area dominates, overwhelming the small 

portion of guided actin waves around the sawteeth. Figures 4.9E and F are 

kymographs of an actin wave around 6-µm-separated, 2-µm sawteeth with (Figure 

4.9E) and without connecting ridges (Figure 4.9F), respectively. On both types of 

nanosawteeth, actin wave are initiated at the maxima and propagate down the slope of 

the sawtooth. However, on the separated sawtooth without connecting ridges, the 

linear actin wave loses its directionality and converts into circular waves upon 

reaching the flat area (Figure 4.9F). Due to the large separation between adjacent 

sawteeth, many guided actin waves around the sawteeth lose their directionality 

before pushing on the plasma membrane, resulting in random cell motion. For the 

separated sawteeth with connecting ridges, the inclusion of the ridges increases the 

probability of bidirectional guidance of actin waves. Even if a wave that propagates 

down a sawtooth is still guided along the ridge, it may stall and depolymerize before 

reaching the membrane, leading to the observed bidirectional guidance of cell motion 

(Figures 4.8H-K). Therefore, unidirectional cellular contact guidance is only achieved 
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with continuous nanosawteeth, on which actin waves are efficiently induced and 

guided, frequently pushing on the plasma membrane to propel the cell in a preferred 

direction.  
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Figure 4.9. (A) Actin-wave directionality and (C) average actin flux around a 

nanosawtooth on 2-µm-separated, 6-µm sawteeth withouth connecting ridges. (B) 

Actin-wave directionality and (D) average actin flux around a nanosawtooth on 6-

µm-separated, 2-µm sawteeth withouth connecting ridges. Kymographs of an actin 

wave on 6-µm-separated, 2-µm sawteeth with (E) and without (F) connecting ridges.  
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4.3. Summary 

        Our results demonstrate unambiguously that unidirectional guidance can be 

achieved by local nanotopographical gradients on scales smaller than that of a single 

cell, and comparable to typical sizes of collagen fibers. Nanotopography guides 

intracellular dynamics (waves of actin polymerization), propelling the cell in a 

preferred direction. The conservation of this behavior for different cell types with 

distinct surface interactions during migration, and the prevalence of polarity and 

asymmetry in the local microenvironment of cells, suggest that biasing of intracellular 

waves is important in many physiological processes. For instance, aligned collagen 

fibers guide cancer cells, and are a prognostic signature of breast carcinoma (106). 

Our results suggest the possibility that asymmetric nanotopography of collagen fibers 

promotes unidirectional contact guidance in vivo. Controlled anisotropic 

nanotopographies imprinted on surfaces or embedded in three-dimensional structures 

should be able to guide cells over large distances, with possible applications in the 

broad range of biomedical problems in which directed cell migration is important.  

 

4.4. Materials and Methods 

4.4.1. Coating nanosawtooth surfaces with fibronection 

        The fabrication and molding of nanosawteeth has been described in Chapter 2. 

Nanosawtooth surfaces for neutrophils were UV cured for 50 s (Blak-Ray, B-100AP, 

100 W, 365 nm, samples were cured 254 mm from the source), baked at 90 °C for 10 

min, and then coated with 1 µg/mL fibronectin in HBSS (F1141, Sigma-Aldrich; 
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fluorescent fibronectin: FNR02-A, Cytoskeleton) at 37 °C for 1 h. The coated 

surfaces exhibit uniform fibronectin density (Figure 4.10). 

 

Figure 4.10. Maximum intensity projection of z-stack confocal images of a 

nanosawtooth surface coated with fluorescent fibronectin (green fluorescent, HiLyte 

488). The uniform fluorescence intensity indicates a uniform fibronectin coating. 

Scale bar, 8 µm.  

 

4.4.2. Cell preparation and imaging 

        Dictyostelium discoideum cells, cAR1-YFP, aca-, LimEΔcoil-GFP and Lifeact-

TagRFP/aca- (all are in an AX3 background) were prepared as described previously 

(15). cAR1-YFP and LimEΔcoil-GFP cells were developed for 4 hours. aca- and 

Lifeact-TagRFP/aca- cells were developed for 5 hours.  
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        cAR1-YFP cells were incubated with 2-mM caffeine for 20 minutes to block the 

intracellular activation of cAMP synthesis (55). After being plated onto a 

nanosawtooth surface, cells were stimulated with extraneous cAMP with a uniform 

concentration of 5 µM. Fluorescence images were obtained on a Leica SP5 X 

confocal microscope every 2 seconds with a 100× objective and a scanner zoom 

factor of 2.  

        For cell motion imaging, aca- cells were cytoplasmically dyed with 25-µM 

CellTracker Green CDMFA (Invitrogen) for 30 minutes and then washed twice with 

phosphate buffer. After being plated onto a nanosawtooth surface, cells were 

stimulated with extraneous cAMP with a uniform concentration of 100 nM. 

Fluorescence images of aca- cells were obtained on a Leica TCS SP2 confocal 

microscope every 4 seconds for 80 min with a 10× objective and a scanner zoom 

factor of 2. Images were obtained in a 512 × 512 pixel format.  

        For actin-wave imaging, LimEΔcoil-GFP cells were incubated with 2-mM 

caffeine for 20 minutes after development. LimEΔcoil-GFP and Lifeact-TagRFP/aca- 

cells were stimulated with extraneous cAMP with a uniform concentration of 5 µM 

and 100 nM, respectively. Both fluorescence and bright-field images were obtained 

simultaneously on a Leica SP5 X confocal microscope every 2.6 seconds with a 100× 

objective and a scanner zoom factor of 2. Images were obtained in a 1024 × 1024 

pixel format to provide more information for actin-flux analysis.  

        The neutrophil-like human leukaemia cell line HL60 overexpressing YFP-actin 

was a kind gift of Dr. Orion Weiner (University of California, San Francisco). Cells 
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were maintained in RPMI 1640 (medium developed at Roswell Park Memorial 

Institute) with Glutamax (Invitrogen), 10% fetal bovine serum and 

penicillin/streptomycin. Cells were passaged every 3 to 4 days to maintain a density 

between 105 cells/ml and 106 cells/ml. Cells were differentiated at a density of 4.5 × 

105 cells/ml for 6 days in culture medium containing 1.3% dimethyl sulfoxide. Before 

imaging, cells were plated on a nanosawtooth surface coated with 1 µg/mL 

fibronectin and stimulated with 100-nM f-Met-Leu-Phe (fMLP) in mHBSS for 10 

min. Fluorescence and bright-field time-lapse images were obtained on a Leica SP5 X 

confocal microscope every 2 seconds with a 100× objective. 

 

4.4.3. Tracking cells  

This section is contributed by Meghan Driscoll 

 

        Migrating D. discoideum cells were tracked as previously described (15, 86). 

Due to image noise, even stationary cells appear to have a direction of motion. We 

therefore measured the distribution of direction of motion in two different ways: a 

simple histogram of direction of motion (e.g., Figures 4.3A and E) and a probability 

distribution of direction of motion weighted by speed (e.g., Figures 4.3B and F). The 

weighted plots show the net speed of cells moving in each direction. In all plots, each 

included speed corresponds to that of a cell in a specific frame rather than the mean 

speed of a single cell averaged across time.  
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        We also plotted the velocity direction distributions (unweighted) for each speed 

quartile (e.g., Figures 4.3C and G) and the orientation distributions for each 

eccentricity quartile (e.g., Figures 4.3D and H). Angles were defined relative to the 

sawtooth orientation; a cell migrating 5° to the right of the direction up the sawteeth 

and a cell moving 5° to the left of the direction up the sawteeth would both be 

described as migrating at 5° relative to the sawtooth orientation. The alignment and 

eccentricity of cells were calculated as described previously (86). We calculated the 

cell orientation, which ranges from 0° to 360°, from the cell alignment, which ranges 

from 0° to 180°, using the direction of cellular motion. From the two possible 

orientations that correspond to each alignment, the orientation was chosen that was 

closest to the direction of the cell. Additionally, all quartile plots were scaled so that 

the sum of all angular bins was unity. 

 

4.4.4. Tracking actin polymerization  

This section is contributed by Meghan Driscoll and Can Guven 

 

        In D. discoideum and neutrophils, actin polymerization occurs in reaction-

diffusion type waves. To measure the directionality of these polymerization waves, 

we used a modified optical-flow algorithm. Optical-flow algorithms assign a pixel-

dependent apparent velocity in an image sequence. At each pixel, our algorithm 

assigns a direction of actin-wave polymerization and a quantity of newly polymerized 
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actin. Although the algorithm does not track stationary actin foci, stationary regions 

of actin polymerization are included in the unit-cell analysis described below. 

        To adjust for differences in protein expression levels from cell to cell, all D. 

discoideum and neutrophil images were gamma corrected using a gamma of 0.5 prior 

to calculating the difference images. To track actin polymerization across a pair of 

subsequent frames, ft and ft+1, we first found the difference image ft+1 - ft. Then, to 

reduce noise, the difference image was smoothed with a Gaussian filter of standard 

deviation 3 pixels for D. discoideum and 1 pixel for neutrophils. Intensity values in 

our images ranged from 0 to 255. For further noise reduction, a lower threshold of 43 

was applied for D. discoideum and 24 for neutrophils. Different parameters were used 

for the analysis of D. discoideum and neutrophils, because these cell types migrate at 

different speeds and were imaged at different resolutions. The intensity of each pixel 

in this difference image was assumed to be proportional to the amount of newly 

polymerized actin. To associate a direction with the newly polymerized actin at each 

pixel, an actin polymerization wave was assumed to be most likely to come from the 

direction of greatest newly polymerized actin in the previous difference image. 

Similarly, it is expected that the newly polymerized actin is most likely to travel 

towards the direction of greatest newly polymerized actin in the future difference 

image. Therefore, the previous difference image, ft - ft-1, and the future difference 

image, ft+2 - ft+1, were then found. Both difference images were then smoothed with 

Gaussian filters of standard deviation 5 pixels for D. discoideum and 3 pixels for 

neutrophils. This smoothing step spreads information about the previous and future 

newly polymerized actin to the location of the newly polymerized actin in the current 
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difference image. The standard deviation of the filter in this smoothing determines the 

speed of the fastest actin wave that can be tracked by the algorithm. In addition to 

reducing noise, the first smoothing and the lower threshold described above 

determine the speed of the slowest actin wave that can be tracked by the algorithm. 

Finally, we associated a direction with the newly polymerized actin by subtracting the 

normalized gradient of the previous difference image from the normalized gradient of 

the future difference image.  

 

4.4.5. Averaged actin flux analysis 

This section is contributed by Meghan Driscoll and Can Guven 

 

        We measured the mean actin fluorescence and actin flux around a sawtooth by 

averaging across the sawteeth in a movie. To locate the sawteeth, cells were imaged 

simultaneously in fluorescence and bright-field modes. The sawtooth orientation, 

ridge spacing, and sawtooth length were measured in each bright-field image. First, a 

Radon transform (107) with an angular step size of 0.1 degrees was used to find the 

sawtooth orientation. Each bright-field image was then rotated such that the sawteeth 

were aligned horizontally. The image edges were discarded, because they exhibit 

interpolation artifacts due to the rotation. Next, each image was projected onto the 

vertical and horizontal axes. To measure the ridge spacing and sawtooth length to 

sub-pixel accuracy, each projection was interpolated using a cubic spline with a 

spacing of 0.1 pixels. The spacing and pitch were then measured from the auto-
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correlations of the splines. The spacing was measured from the vertical projection, 

which is in the direction perpendicular to the ridges, and the pitch was measured from 

the horizontal projection, which is in the direction parallel to the ridges. 

        The actin fluorescence intensity and actin flux were next averaged across all of 

the sawteeth. Each fluorescence image was rotated so that the sawteeth were 

horizontal. The actin-flux measure was similarly rotated, as was the angle of the 

vectors within the field. Next, the images were enlarged using a bilinear interpolation, 

such that the ridge spacing and sawtooth length would be of the next greatest integer 

size. For instance, if the ridge spacing were 26.8 pixels, then the corresponding 

dimension of the image would be enlarged by the factor 27/26.8. Forcing the ridge 

spacing and sawtooth length to have integer dimensions allows for simple averaging 

across multiple sawteeth. Within each image, the averages of the measures around 

each sawtooth were next found by tiling the image into sub-images of sawtooth size 

and averaging across the sub-images. The mean measures were averaged across 

images by using the positions of the sawteeth tips in the bright-field images as a 

guide. To align the sawteeth to subpixel scale, all of the averaged measures were first 

enlarged by a factor of eight. The bright-field averaged image was then blurred using 

a Gaussian filter with a standard deviation of 16 pixels. Next, the sawtooth tip was 

found in the direction parallel to the ridges by finding the row with the greatest 

standard deviation in bright-field intensity. The position of the tip parallel to the 

ridges was then found as the position with the greatest bright field intensity along the 

ridge. After centering, the mean measures were shrunk by a factor of eight and then 

averaged across all frames. 
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4.4.6. Measuring actin wave speed 

        The actin-wave propagation speed in neutrophils (Figures 4.7E and G) was 

measured using space/time plots (Figure 4.11). An actin wave traveling along a single 

ridge was cropped and resized into a single-pixel width using the ImageJ software 

package (NIH) (83). The same processing was repeated on every cropped image in 

the time-lapse series. The resized actin waves were montaged into a space/time plot. 

Actin-wave propagation speed was obtained by dividing the distance that the wave 

front traveled by the time lapse. More than 60 individual speeds were measured on 

each type of nanosawtooth surface.  

 

Figure 4.11. Space/time plot of a resized actin wave traveling along a single ridge. 

The bright-field image on the left shows the orientation of the sawteeth. The speeds 

of actin waves traveling up and down the nanosawteeth measured in this space/time 

plot are 7.3 µm/min and 4.5 µm/min, respectively. 
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Chapter 5: Concentric Nanorings Promote Counterclockwise 

Actin Wave Propagation and Cell Motion via Intrinsic 

Cytoskeletal Chirality 

 

5.1. Introduction 

        Left-right asymmetry is a ubiquitous biological property that is well-conserved 

across species. Such asymmetry has been seen in climbing plants (108), helices of 

snail shells (109), directional rotation of the hindgut epithelial tube (110), placement 

of viscera in human body (111), etc. It has been demonstrated that laterality is 

established during the early cleaving stage of embryo development (112, 113), and 

that disruption in the left-right asymmetry results in birth defects and disease. 

However, the mechanism of the initial left-right symmetry breaking remains unclear. 

Among all of the mechanisms that have been proposed, the one that involves 

cytoskeletal proteins and their associated proteins is intriguing due to the intrinsic 

chirality of those molecules. Levin and coworkers have proposed a model that 

considers the cytoskeletal chirality to elucidate the establishment of laterality in 

multicellular organisms (114, 115). In this model, a chiral cytoskeleton orients the 

left-right axis with respect to the anterior-posterior and dorso-ventral axes, and 

actively directs the asymmetric intracellular localization of proteins in the embryo 

during the early cleavage stage. This model therefore suggests that the initial left-
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right symmetry breaking during embryo development may arise from the chirality of 

the cytoskeleton.  

        As a major component of the cytoskeleton, actin has been studied in the 

establishment of embryonic laterality and cellular chirality. It has been shown that in 

cleaving Xenopus embryos, long actin fibers generate large-scale torsion, causing the 

cortex of the animal hemisphere to twist in a consistent counterclockwise (CCW) 

direction (116). Vunjak-Novakovic and coworkers found that cells plated on 2D 

micropatterns form an invariant chiral alignment upon reaching confluency, and that 

depolymerizing F-actin switches the chirality of the cells (101). In addition to the 

actin-related cellular chirality observed in multicellular systems, single-cell chirality 

has recently been demonstrated. Bershadsky and coworkers showed that the radially 

symmetric actin bundles in individual fibroblasts tend to tilt in a particular direction, 

breaking the cellular symmetry by self-organizing into linear actin arrays (Figure 5.1) 

(100). Together, these findings suggest that actin polymerization may provide 

potential built-in machinery that leads to cellular chirality.  

 

Figure 5.1. A typical example of the dynamic self-organization of the actin 

cytoskeleton that breaks the cellular symmetry (100). Scale bar, 10 µm.  
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        Another cytoskeletal component, microtubules, has been investigated in relation 

to cell polarity. Because the microtubule organizing center (MTOC) is asymmetric, it 

could serve to amplify subcellular asymmetry to cell-level asymmetry. Neutrophils 

were shown to polarize preferentially to the left of an arrow pointing from the center 

of the nucleus to the MTOC (117). This leftward bias is abolished if the microtubule 

is depolymerized. This finding suggests that intrinsic cellular chirality may be a 

property of all MTOC-containing cells.  

        We previously showed that actin polymerizes into helical (chiral) waves in D. 

discoideum that travel through the gaps between adjacent ridges, and discussed the 

possibility of biasing the chirality of the helical waves, and even cell motion, by 

bending the helical waves via curved ridges (see Section 3.2.3). In this chapter, I will 

discuss the effect of concentric nanorings on actin-wave propagation and cell motion 

of D. discoideum and neutrophils in details. The polarity of neutrophils on concentric 

nanorings is investigated through staining of the microtubules, F-actin and nuclei of 

the fixed cells.  

 

5.2. Results and Discussion 

5.2.1. Nanorings exert spacing-, curvature-, and height-dependent 

counterclockwise (CCW) guidance on actin waves and cell motion 

        We studied Lifeact/aca- D. discoideum cells on sets of concentric nanorings that 

were spaced 0.8 µm and 2 µm apart, respectively. We found that on both sets of 

nanorings, cells migrate along the rings; actin waves also exhibit coupled dynamics 
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along the curved ridges. Additionally, cells tend to migrate in the CCW direction on 

0.8-µm-spaced nanorings (Figure 5.2), but not 2-µm-spaced nanorings. This spacing-

dependent unidirectional guidance may stem from the different morphological 

dynamics of actin waves on 0.8- and 2-µm-spaced rings. Because each ring is 300 nm 

wide, the gap between adjacent 0.8-µm-spaced rings is 500 nm wide. As discussed in 

Chapter 3, the formation of helical actin waves is prohibited in such narrow gaps due 

to the confinement. Therefore, a torque may build up as the actin wave propagates 

along the gap. If the chirality of the wave propagating in the clockwise (CW) 

direction is opposite to that of the wave propagating in the CCW direction, bending 

the waves with rings may relax the torque in waves with one type of chirality but 

accumulate the torque in waves with the other, leading to a biased CW or CCW cell 

motion, as observed on 0.8-µm-spaced rings. In contrast, helical actin waves do form 

on 2-µm-spaced rings. If the actin streaks adhering to the opposite sides of a single 

ridge transform into helical waves with opposite handedness, as indicated in Figure 

3.6C, bending the waves with rings has the same effect on actin waves traveling in 

the CW and CCW directions, leading to the equal probability of cell motion in both 

directions.   
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Figure 5.2. A typical example of actin waves that propagate persistently in the CCW 

direction in a D. discoideum cell. Scale bar, 8 µm.  
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        We also investigated the effects of nanorings on actin-YFP neutrophils that were 

stimulated with extraneous f-Met-Leu-Phe (fMLP) with a uniform concentration of 

100 nM. We found a CCW bias of both cell motion and actin-wave propagation on 

nanorings with a spacing of 2 µm, a height of 1 µm, and a radius of 50 to 90 µm 

(Figure 5.3). Cells tend to migrate persistently on rings within such a radius range. 

However, cells that migrate on rings with a radius larger than 100 µm often switch 

directions, and tend to migrate more in the radial direction than do cells that migrate 

on smaller rings. We did not observe helical actin waves in neutrophils. Therefore, 

the ultrastructure of actin architecture in neutrophils may differ from that in D. 

discoideum, presumably resulting in a different effect of 2-µm-spaced nanorings on 

cell motion. On the other hand, neutrophils form focal adhesions on the surface, 

requiring various surface-adhesion molecules to be expressed. It has been shown that 

formin, a protein that regulates actin polymerization, caps and immobilizes the barbed 

end of F-actin at peripheral focal adhesions in fibroblasts (100). As actin polymerizes, 

the filaments rotate unidirectionally relative to the formin. A similar event could 

occur in neutrophils. Actin waves propagating in the CCW direction may release the 

torsional strain, leading to a CCW bias in cell motion.  
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Figure 5.3. Series of time lapse snapshots showing the CCW cell motion and actin 

wave propagation in neutrophils on 2-µm-spaced, 1-µm-high nanorings. The 

concentric nanorings were imaged in the bright-field channel. Actin waves were 

imaged in the fluorescence channel. The same cells are marked with the same 

number. Scale bar, 8 µm.  

 

        Additionally, neutrophils can spread and migrate persistently on nanorings even 

without the stimulation of fMLP (Figure 5.4), indicating that fibronectin-coated 

nanotopographies alone can stimulate and activate neutrophils. The details of 
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activating intracellular signaling pathways with nanotopographies require further 

investigation.  

 

Figure 5.4. A typical example of a neutrophil that migrates persistently on concentric 

nanorings without being stimulated with fMLP. Scale bar, 8 µm. 

 

        To assess the effect of ring height on the CCW guidance efficiency, we also 

studied neutrophils on nanorings with a spacing of 2 µm and a height of 2 µm. 

However, we did not observe an apparent CCW bias in either cell motion or actin-

wave propagation. In contrast to D. discoideum, the migration direction of which is 

independent of the position of the MTOC (118), the migration direction of 

neutrophils is related to the asymmetric distribution of microtubules, which is 
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determined by the position of the MTOC relative to the nucleus (117, 119, 120). 

Because the MTOC does not always locate on the bottom of the cell, taller rings are 

more likely to interact with or confine the MTOC (Figure 5.5), and thus affect its 

position in the cell. The effects of nanorings on the position of the MTOC and the 

polarity of neutrophils will be discussed in detail in the following section. 

 

Figure 5.5. A schematic showing the possible effect of ridge height on MTOC and 

microtubules. Tall ridges are more likely to confine the MTOC within the gaps than 

short ridges.  

  

5.2.2. Neutrophils exhibit ring-height-dependent CCW polarization on 

nanorings 

        We assessed the polarity of neutrophils on 2-µm-spaced nanorings with a height 

of 1 µm and 2 µm, respectively, by staining F-actin, microtubules and nuclei (Figure 

5.6). In a polarized neutrophil migrating on a 2D surface, the nucleus is located right 

behind the actin network in the lamellipodia, whereas the MTOC is located behind 

the nucleus, extending microtubules predominantly directed towards the back of the 
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cell (120). Therefore, the direction of neutrophil polarization can be inferred from the 

position of the MTOC relative to the nucleus. We observed a higher CCW to CW 

polarization ratio in neutrophils on rings with a height of 1 µm than on ones with a 

height of 2 µm (Figure 5.6). This result corresponds to our observations on cell 

migration. It has been demonstrated that microtubules are coupled to retrograde actin 

flow and to anterograde actin motion (121), and that microtubules also grow along 

actin bundles (122). Therefore, the microtubule actin interaction could alter the actin 

architecture and affect its chirality. Because the microtubule disassembly has been 

shown to induce a polarized distribution of F-actin in neutrophils (123), it is 

worthwhile to compare the actin-wave propagation in microtubule-disrupted 

neutrophils on nanorings with different heights, and to assess whether the CCW bias 

could be enhanced in neutrophils migrating on 1-µm-high nanorings and restored in 

neutrophils migrating on 2-µm-high nanorings. 
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Figure 5.6. Neutrophils exhibit a CCW-biased polarization on 1-µm-high rings, but 

not on 2-µm-high rings. Green: F-actin. Red: microtubules. Blue: nuclei. Scale bars, 4 

µm.  

 

5.3. Summary 

        We demonstrated that unidirectional bias in actin-wave propagation and cell 

motion can be induced by symmetric nanotopography, such as concentric nanorings. 

The observed unidirectional bias presumably results from the effects of the nanorings 

on the cytoskeletal chirality. D. discoideum tends to migrate in the CCW direction on 

0.8-µm-spaced rings, but not on 2-µm-spaced rings. We speculated that this spacing-

dependent CCW guidance is related to morphological dynamics of actin waves. 

Because the formation of helical actin waves is prohibited on 0.8-µm-spaced 

nanorings, a torsional strain may accumulate in the linear actin waves. Waves that 
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travel in the CCW direction could relax the strain, leading to a biased, CCW cell 

motion. Nanorings with a spacing of 2 µm and a height of 1 µm exhibit CCW 

guidance of neutrophils, indicating that the ultrastructure of the actin network in 

neutrophils is different from that in D. discoideum. This CCW guidance is also 

curvature-dependent. Neutrophils migrating on larger rings are less persistent in their 

migration direction and tend to migrate more radially compared with those migrating 

on smaller rings. A CCW-biased cell polarization is also observed in the fixed 

neutrophils on the same nanorings. However, neither cell motion nor cell polarization 

exhibit CCW bias in neutrophils on nanorings with 2-µm spacing and 2-µm height, 

suggesting that taller nanorings may affect the position and activity of the MTOC, 

which eventually affects the ultrastructure of actin network through the microtubule-

actin interaction.  

 

5.4. Outlook 

        Because the CCW bias that we observe in D. discoideum and neutrophils on 

nanorings is spacing-, height-, and curvature-dependent, it is important to evaluate the 

guidance efficiency on nanorings with a systematically varying spacing and height. 

To test our hypothesis that the confinement of actin waves on 0.8-µm-spaced rings 

leads to the CCW bias, concentric rings composed of 500-nm-wide nanogrooves need 

to be employed to study their effects on actin-wave propagation and cell motion. The 

optimum curvature for CCW guidance can be obtained by establishing a relationship 

between guidance efficiency and ring curvature. A fish-scale pattern composed of 
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repeating arches with the optimum curvature, spacing and height, as shown in Figure 

5.7, can be used to guide cell motion unidirectionally. Structured-illumination 

microscopy can be employed to investigate the actin-wave dynamics on nanorings 

with a higher temporal and spatial resolution. It is also worthwhile to image the 

ultrastructure of actin networks in cells on nanorings by cryo-electron microscopy, 

which provides molecular-scale resolution and will directly reveal the effects of 

bending or confinement on the detailed structure or chirality of the actin architecture.  

 

Figure 5.7. A schematic showing the design of the fish scale pattern. 

 

        The directions of both cell motion and cell polarization in neutrophils on 

nanorings depend on the ring height, suggesting that the MTOC and microtubules 

may interact with actin network, or act in a competing mechanism against the CCW 

bias induced by actin waves. Depolymerizing microtubules or imaging their dynamics 

directly in neutrophils on nanorings will provide more insights on the role of 

microtubules in contact guidance. 
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5.5. Materials and Methods 

5.5.1. Neutrophil fixation 

        The culturing and development of neutrophils have been described in Chapter 4. 

After development, cells were plated on the nanoring surface coated with 1 µg/mL 

fibronectin, stimulated with extraneous f-Met-Leu-Phe (fMLP) with a uniform 

concentration of 100 nM in mHBSS, and incubated at 37 °C for 10 min. Cells were 

fixed with 6.4% paraformaldehyde, 0.05% glutaraldehyde, and 0.125-mg/ml saponin 

in PBS for 5 min, and subsequently washed three times with PBS. Cells were then 

treated with 10% heat-inactivated fetal calf serum and 0.125-mg/ml saponin in 

blocking buffer at 37 °C for 30 min, and again washed three times with PBS.  

 

5.5.2. Staining for F-actin, microtubules and nuclei 

        Cells were incubated with primary alpha-tubulin antibody (1:200 dilution in 

blocking buffer) at 37 °C for 1 h, Alexa Fluor 488 secondary antibody (1:200 dilution 

in blocking buffer) at 37 °C for 30 min, phalloidin-tetramethylrhodamine (phalloidin- 

TRITC) (1:500 dilution in blocking buffer) for 30 min at room temperature, and 

DAPI (4',6-diamidino-2-phenylindole) for 10 min at room temperature. Cells were 

washed with mHBSS for three times between each staining step and imaged in 

mHBSS. Fluorescence images were obtained on a Leica SP5 X confocal microscope. 
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Chapter 6: Summary 

 

        This thesis has discussed cellular contact guidance through dynamic sensing of 

nanotopographies via actin polymerization waves. Cell migration is a critical 

physiological process that originates from the actin polymerization in the front of a 

cell and actomyosin contraction in the back of a cell. Most of the studies in the field 

of cell migration have focused on the intracellular signaling pathways that are 

triggered by specific molecules, such as chemotaxis and haptotaxis. Because cells 

migrate in response to the physical geometry of their environment, which is on a 

length scale of tens to hundreds of nanometers, we investigated the effects of 

nanotopographies on actin wave propagation and cell motion. Two distinct 

prototypical systems for cell migration, D. discoideum and neutrophils were 

employed in our study, aiming to reveal the generality of the phenomenon of biasing 

actin waves and cell motion through nanotopography.   

        To investigate cell migration on diverse nanotopographies, we need to replicate 

the nanotopographies precisely and in a parallel manner. Solvent-assisted 

nanotransfer molding (nTM) is one such method, and was described in Chapter 2. 

The master nanotopography was fabricated via multiphoton absorption 

polymerization and then coated with fluorocarbon to facilitate the release in the 

molding process. A low-viscosity solvent was added to the h-PDMS prepolymer to 

improve the fluidity and conformability, which allows for a high molding resolution. 

Nanogrooves–the complementary topographies of nanoridges–were replicated 
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through a double-molding process. The molding of nanograss indicates that the 

resolution of solvent-assisted nTM is approximately 30 nm. For further improvement 

on the molding resolution, the formulation and curing condition of the h-PDMS 

prepolymer need to be optimized. A different fluorocarbon with a shorter chain length 

can be used if the length scale of the features to be molded is approaching the 

molecular scale. The nanotopographies can be functionalized with proteins through 

Michael addition if the acrylic resin is partially cured. All of the surfaces for studying 

neutrophils were coated with fibronectin by such a method.  

        In Chapter 3, I discussed the effect of nanoridges/nanogrooves on the actin 

waves in D. discoideum. Both cell motion and actin wave propagation are 

bidirectionally guided along the nanoridges/nanogrooves. Actin preferentially 

polymerizes around individual ridges. The actin streaks that adhere to the opposite 

sides of a single nanoridge exhibit couple dynamics, whereas actin streaks in 

nanogrooves separated by microridges travel independently. Actin waves travel at a 

speed of 20 to 35 µm/min. The guidance efficiency of actin waves depends on the 

ridge spacing. Actin waves on nanoridges with a small spacing (0.8 µm and 1.5 µm) 

are confined to travel along the ridges. In contrast, actin waves on nanoridges with a 

large spacing (3 µm) are more dispersive and transform into circular waves upon 

reaching the flat area between adjacent ridges. Actin streaks that initially adhere to 

the sides of the nanoridges can transform into helical waves that propagate through 

the gaps between the 1.5- to 2-µm-spaced nanoridges. However, due to the 

confinement in nanogrooves, actin polymerizes in linear waves. A transition between 

static and traveling actin waves was observed on nanodots that are connected with 
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nanoridges. Super-resolution microscopy, such as structured illumination microscopy, 

is required to image the structural and dynamic details of the helical actin waves, as 

well as to elucidate the mechanism of the transition between static and traveling actin 

waves.  

        Unidirectional guidance of cell motion is usually achieved by actively imposing 

a global spatial gradient to cells. However, guidance over large distance is limited by 

the finite dynamic range of cellular sensing. In Chapter 4, I discussed the 

unidirectional cell guidance via biasing the actin-wave dynamics using asymmetric 

nanosawteeth. In this method, cells passively conform to the nanosawteeth in the 

absence of a global gradient. We found that D. discoideum cells tend to migrate up 

the slope on 8-µm sawteeth but down the slope on 2-µm sawteeth. The actin flux 

analysis shows that actin waves are guided in the same direction as cell motion, and 

are more strongly biased. Neutrophils are also guided up the slope on 8-µm sawteeth, 

with the actin waves that propagate up the sawteeth traveling faster than those that 

propagate down the sawteeth. Separated nanosawteeth guide actin waves 

unidirectionally, but not cell motion. Together, the details of nanotopographies are 

crucial to induce unidirectional guidance on cell motion. For future application, 

nanosawteeth can be incorporated into microfluidic devices to provide long-distance 

unidirectional guidance on cell motion without a chemical gradient.  

        F-actin is intrinsically a right-handed helix. Bending F-actin causes the helix to 

twist or untwist, and thus leads to an enhanced or reduced actin polymerization based 

on the stability of the modified F-actin conformation. Therefore, it is possible to bias 
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the direction of cell motion via the intrinsic cytoskeletal chirality using symmetric 

nanotopographies. Chapter 5 focused on inducing biased actin-wave propagation and 

cell motion with concentric nanorings. We observed a CCW bias in D. discoideum 

migrating on 0.8-µm-spaced rings, but not on 2-µm-spaced rings. This spacing-

dependent CCW guidance is speculated to be related to the morphology of actin 

waves. Due to the confinement between the adjacent 0.8-µm-spaced rings, the 

formation of helical actin waves is prohibited, resulting in a torque accumulated in the 

linear actin waves. Linear waves that propagate in the CCW direction may release the 

torque and thus enhance the actin polymerization. Neutrophils exhibit a CCW bias on 

nanorings that are 2-µm-spaced and 1-µm-high. The directions of both cell motion 

and cell polarization are sensitive to the height of the nanorings. Super-resolution 

microscopy will allow for the investigation of the dynamics and ultrastructure of the 

actin architecture in more detail.   
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