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Summary 
 

Substrate curvature as a regulator of cellular orientation and migration 

The intrinsic architecture of tissues and implanted biomaterials provides cells with geometrical 

cues. These local physical cues have a high relevance in controlling cellular behavior, in 

particular migration. In the body, geometrical cues are typically present in the form of 

curvatures. While the cell migration response to geometrical cues with sizes smaller or 

comparable to cell size (nanometer- to micrometer-scale) has been well studied, little is known 

about the response to substrate curvatures larger than cell size (micrometer- to millimeter-

scale).  Knowledge on how cell migration is affected by complex geometrical cues of various 

sizes and origins is therefore needed to understand the role of the architecture of the 

extracellular environment as a cell-instructive parameter in health and disease. The aim of this 

thesis is to gain insight into the effect of anisotropic substrate curvatures on mesenchymal 

stromal cell attachment, orientation and migration behavior. Moreover, we combined 

geometrical cues at different length scales to investigate the cellular migration response 

towards conflicting directional cues. This understanding is of importance in order to rationalize 

design choices in tissue engineering scaffolds where cellular infiltration through migration or 

specific cellular orientation is essential.  

Adherent cells sense the extracellular matrix through an ingenious system of protein linkages 

that provide a physical connection from the outside of the cell towards the nucleus. External 

geometrical cues can affect focal adhesion location, stress fiber organization and nucleus shape, 

which in turn can influence cellular orientation and migration behavior. We reviewed the 

existing literature and described the state of the art knowledge on the role of intracellular 

structural components in geometry sensing.  

Next, we studied the directional migration response of human bone marrow stromal cells on 

concave and convex cylindrical structures (diameter (d) = 250-5000 µm) and observed distinct 

migration phenotypes. On concave cylindrical surfaces cells lifted upwards off the surface and 

showed an undirected but fast migration behavior. In contrast, cell migration on convex 

cylindrical surfaces was persistently directed towards the longitudinal axis of the cylinder, a 

phenomenon which we called curvature guidance. Moreover, when both concave and convex 

surfaces are present in perpendicular directions at the saddle point of a toroidal structure, cells 

oriented and migrated along the concave direction. Quantification of the cell orientation, 

speed, and persistence from the migration tracks revealed that cells dynamically adjust their 

migration phenotype depending on the perceived surface curvature.  

We subsequently asked whether these mesoscale curvature guidance cues from the convex 

cylindrical structures can compete with the well-known nanoscale contact guidance cues.  We 

coated the convex cylindrical surfaces with an anisotropic collagen fibrillar network aligned 



 
 

x 
 

perpendicular to the cylinder axis. We showed that on flat surfaces and at low substrate 

curvatures (d > 1000 µm) cell alignment and migration were governed by the nanoscale 

collagen fibrils. With increasing curvature, cells increasingly aligned and migrated along the 

cylinder axis, clearly indicating that mesoscale curvature guidance can overrule the nanoscale 

contact guidance along aligned collagen fibrils. Furthermore, we found that cell bending on a 

curved surface resulted in increased phosphorylated myosin levels but decreased F-actin levels. 

This suggests a compensation mechanism due to curvature-driven impairment of F-actin 

assembly to maintain cellular contractility. We proposed that curvature guidance is driven by 

the cell’s aversion to a bent morphology, which obstructs the formation of linear and 

functional cytoskeletal stress fibers.  

To further study the combined effect of contact guidance cues and curvature guidance cues, 

we explored the possibility of printing protein patterns in predefined shapes and constellations 

on curved substrates. Using a maskless and contactless method, we developed a protocol to 

pattern proteins in a controllable way on curved 2.5D substrates. We showed that the protein 

patterns wrap around cylindrical substrates and described how this method can be used to 

systematically study the effect of a multitude of geometric cue combinations on (intra)cellular 

organization and cell behavior. 

Together, the results presented in this thesis demonstrate that anisotropic substrate curvatures 

larger than cell size can play a substantial role in the cellular orientation response and migration 

behavior and should be considered as an important parameter in scaffold design. 
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1.1 Cell migration in health and disease 

 
Cell migration plays a crucial role in life even before birth. During embryo development, a 

large variety of tissues must form in the correct shape and cell composition. Precursor cells—

cells that have the ability to specialize into various tissue-specific cells—are often specialized in 

a particular part of the embryo and then migrate over large distances to reach the location 

where they become part of a specific tissue [1]. After birth, cell migration remains essential in a 

large number of processes in the body throughout the whole lifespan. Immune cells migrate 

towards locations of injury to initiate or participate in an immune response [2]. Cells in the skin 

migrate in order to close a wound during wound healing [3]. Precursor cells can migrate 

towards an injury site and play a role in the regeneration of a tissue [4]. Mesenchymal stromal 

cells are amongst the reparative precursor cells. They can be mobilized in response to injury 

signals and have the capacity to differentiate into various specialized cell types at the site of the 

damaged tissue, including  differentiation into bone cells (e.g. osteocytes), cartilage cells 

(chondrocytes), fat tissue cells (adipocytes) and various muscle and connective tissue cells (e.g. 

myocytes, cardiomyocytes, fibroblasts, myofibroblasts and smooth muscle cells) [4–7]. In a 

diseased state, abnormal cell migration can occur. Malignant cancer cells can migrate away 

from the primary tumor and subsequently infiltrate other tissues [8]. Fundamental knowledge 

on cell migration is therefore of importance to understand the natural development, disease 

progression and healing processes in the body. Furthermore, knowledge on how cell migration 

can be guided or prevented could potentially contribute to the development of therapies. In 

this thesis, we focus specifically on bone marrow stromal cell migration and how this migration 

behavior is influenced by geometrical cues that can be encountered in scaffolds for tissue 

engineering purposes. 

 

1.1.1 Importance of cell migration in in situ tissue engineering 

 
In situ tissue engineering is a therapy under development that aims to use the intrinsic 

regenerative capacity of the body to heal or replace diseased or damaged tissues [9,10]. In this 

approach, a biodegradable, porous scaffold is implanted at the location where new tissue 

should form. These scaffolds should provide structural and mechanical support for the tissue. 

Moreover, they should present a favorable environment for cell infiltration [9,11]. The 

infiltrating cells produce extracellular matrix (ECM), a connective meshwork of protein fibers 

that provides cells with physical support and also supplies mechanical and chemical signals 

[12]. New tissue is formed in the scaffold over time. During this process the scaffold should 

gradually degrade, until eventually it is completely resorbed and the newly formed tissue fully 

takes over the biological and mechanical functionality [13]. Scaffolds used in tissue engineering 

therapies can be viewed as molds that guide and stimulate the natural regeneration response of 

the body into a specific direction to regenerate a damaged tissue. Tissues often have a 

specialized shape and internal organization that contribute to their function. Obtaining a 

native-like tissue organization in a tissue engineered construct is essential for proper long-term 
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functioning of the formed tissue. For this reason, it is of interest that the intrinsic scaffold 

properties can guide cell migration into the scaffold’s interior to ensure cell colonization. 

Moreover, the scaffold should provide cues that regulate the orientation of the habitant cells 

and the organization of the newly formed tissue.  The geometrical properties of a scaffold are 

interesting targets to guide cell orientation, directed cell migration, cell differentiation and 

subsequent tissue organization. The macroscopic geometry (in millimeter to centimeter range) 

should fit the shape of the tissue that needs to be replaced. The internal geometry of the 

porous scaffold (e.g. pore and strut shape and size) can be a determining factor in cell 

organization and behavior. Depending on the scaffold production method and scaffold design, 

the scaffold fibers or struts can range in diameter from nanometers to hundreds of 

micrometers. Due to advances in scaffold production techniques, scaffold fiber size, 

orientation and the overall scaffold geometry can be adapted and tuned with high control. 

However, in order to rationalize the design of the internal scaffold geometry, we first need to 

gain knowledge on how cells perceive the properties of a scaffold.  

 

1.2 Physical properties of the environment influence cell migration 

 

Mesenchymal cell migration starts with the process of cell polarization, a clear distinction 

between a cell front and rear. At the front side, protrusions occur in the shape of broad 

lamellipodia and thin needle-like filopodia (Figure 1.1A). Mesenchymal migration is 

characterized by the cycle of protrusion of this leading edge, adhesion to the substrate, cell 

body translocation and release of adhesions at the rear [14]. In the absence of guidance cues, 

cells change migration direction frequently, resulting in movement without a discernible 

pattern or trend [15]. However, cues from various origins can influence the migration behavior 

of a cell. Such cues can affect the migration direction, speed and persistence [15]. The intrinsic 

properties of the direct environment to which an adherent cell is attached can direct cell 

migration behavior. Whether the cell resides in natural ECM in the body, in a three-

dimensional (3D) scaffold used for tissue engineering, or in a two-dimensional (2D) tissue 

culture dish in a lab, adherent cells make a physical connection with the surrounding matrix or 

substrate. Integrins are attachment proteins in the cell membrane that attach to ECM proteins 

(such as collagen and fibronectin) on the outside of the cell and via a number of adapter 

proteins to the cytoskeleton at the inside of the cell (Figure 1.1B) [16]. The cytoskeleton at the 

interior of the cell consists of a network of protein filaments: microtubules, intermediate 

filaments and actin filaments [17]. Especially actin filaments play a dominant role in cell-matrix 

connections. The actin cytoskeleton is crucial for the structural integrity, cell shape, adhesion 

with the substrate and migration [14,18,19]. These cell-matrix connections could in a highly 

simplified manner be viewed like the way a tent is attached to the ground. Tent stakes 

(integrins) are partly inserted into the ground (substrate) and at the other side connect via a 

connector strip (adapter proteins) to the tent lines and poles (actin cytoskeleton). The 

properties of the ground have a large influence on this tent-ground connection. When setting 

up a tent in a swamp, the ground is soft, the tent stakes cannot form a strong connection with 
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the ground and the tent lines are floppy. In contrast, on a sturdy clay soil, the tent stakes are 

firmly inserted in the ground and the tent lines are under tension. The firmness (or stiffness) of 

the underlying surface affects the attachment to the surface and integrity of the tent. Now 

consider a stony landscape with straight parallel cracks in the surface. The tent stakes can only 

go into the ground in the cracks of the surface. The topography of the environment dictates 

the attachment points of the tent and this will in turn affect the organization of the tent lines. 

For cells, the physical properties of the environment - such as substrate stiffness and substrate 

geometry - can affect the attachments and cytoskeleton organization. In adherent cells, actin 

fibers that are linked to the cell’s exterior through adhesion complexes generate traction forces 

via actin polymerization or by attached myosin motor proteins [20]. The force that is acting on 

the adhesion sites influences mechanosensitive proteins in the adhesion complexes. 

Mechanosensitive proteins can change in response to the force acting on them (e.g. by 

changing the binding affinity to other proteins or by changing shape). This force acting on 

mechanosensitive proteins is affected by internal factors (such as the myosin contractility) and 

external factors like physical properties of the cell’s environment (such as substrate geometry) 

[20]. For instance, adhesions can strengthen under a high force loading rate and disengage 

under a low force loading rate [20]. Thus, physical properties of the environment of the cell 

can be sensed via cell-matrix interactions. 

 

 

Figure 1.1 Simplified schematic representation of a polarized cell showing broad lamellipodia and thin 

filopodia at the front edge of a cell (A). Simplified schematic representation of some cellular components 

that play a role in the cellular sensing mechanism (B).  

 

 

Unlike tents, which usually do not move around the campground, the adhesions and actin 

cytoskeleton of cells are highly dynamic and can change their configuration in the time frame 

of minutes. A migrating cell is constantly probing its environment. Cells receive multiple cues 

from the environment simultaneously and can respond through changes in the cytoskeletal 

organization, adhesion location and migration speed or direction. This makes cell migration a 

highly adaptive process [21]. The cytoskeleton also forms a connection with the nucleus.  

Through this connection, signals from the cell’s exterior can be transmitted through the 

cytoskeleton to the nucleus, where gene transcription takes place [22]. Besides the relatively 
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rapid response to environmental cues such as cytoskeletal rearrangements, physical cues from 

the extracellular environment can also mediate long-term changes in gene expression [16].  

The physical features of the substrate are so called passive properties of the environment. 

Passive properties of the substrate do not actively apply forces on the cells [13]. The substrate 

properties rather affect the force magnitude when a cell applies traction forces on the substrate 

[20]. Active forces, such as compression, stretching and shear stress can also act on cells [13]. 

Furthermore, cells are not only attached to the matrix or substrate where they reside in but also 

form contacts with neighboring cells that are in direct contact. Forces can be transmitted from 

cell to cell via cell-cell adhesions [17]. By this point, it has become clear that cells receive a 

plethora of signals from their environment. Cells process these signals and translate them into 

an integrated response. However, the total signal input is not just simply the sum of all cues 

together [23]. Cues can potentially enhance each other, but a certain cue can also neutralize or 

even overrule other cues [24]. This makes it necessary to first build up our knowledge on how 

cells perceive one specific cue and how they respond to it.  From there, other cues can later be 

added one by one in a systematic approach. 

 

 

1.3 Thesis goals and approach  

 

As discussed at the beginning of this chapter, scaffold design plays a major role in the cell 

organization in tissue engineered constructs. The internal scaffold geometry is an interesting 

target that can be tuned to guide cell organization and migration inside the scaffold. Scaffold 

production techniques nowadays allow a high level of controllability and complexity in scaffold 

architecture at the macro- and microscale [25]. Geometric cues that cells encounter in the 

natural environment in the body are often in the form of curves at an order of magnitude 

comparable to the size of a single cell, examples include cylindrical shaped tubes or collagen 

bundles [26]. The studs and pores of scaffolds used for tissue engineering are often with 

diameters in the range of hundreds of micrometers. On the level of a cell, these structures are 

perceived as curved surfaces. Understanding how cells sense and respond towards isotropic 

and anisotropic (i.e. direction dependent) substrate curvatures that are often used in scaffold 

designs is needed to improve specific scaffold designs. For this reason, this thesis focusses on 

how bone marrow stromal cells respond to substrate curvatures and how anisotropic substrate 

curvature affects single cell orientation and migration.  

Studying the effect of substrate curvature on single cell migration in a 3D scaffold is 

challenging, even in the absence of active forces and cell-cell contacts. In a 3D construct, cells 

are not only influenced by the curvature of the struts, but also by the pore shape, pore size, 

location in the 3D construct and so on. In this mixture of different scaffold parameters, it is 

challenging to extract the specific cell response towards a parameter of interest. Instead of 

using a trial-and-error approach where a large number of different scaffold designs are tested, a 

more effective strategy would be to deconstruct the scaffold and study the different design 
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parameters of the scaffold separately. A simplified model system allows the isolation of a 

specific cue and gives the possibility to determine the effect of this particular cue on the 

cellular response. In this thesis our general strategy is to break down a 3D scaffold structure 

into so-called two-and-a-half dimension (2.5D) relief structures of basic curvatures including 

spherical, cylindrical and toroidal structures. With this approach we have the ability to study 

the cellular orientation and migration response on various substrate curvatures of different 

shapes and sizes (Figure 1.2). This knowledge can contribute to well-considered adjustments in 

scaffold designs. It will also allow us to better understand the cellular response towards natural 

curved surfaces such as tubes and fiber bundles in the body.  

 

 

Figure 1.2 Studying the effect of scaffold strut size on cell migration is challenging as many more 

parameters in this 3D construct can influence the cellular response (A). Adapted from Heljak et al. [27]. 

To address this challenge, we used a 2.5D platform where we could specially study the effect of substrate 

curvatures (in this case on cylindrical -strut-like- structures) on the cellular migration response (B).  
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1.4 Thesis outline  

 

The central aim of this thesis is to improve our understanding of how cells sense and respond 

to the curvature of their substrate and its effect on cell orientation and migration. In chapter 2, 

we discuss the role of adhesion complexes, the cytoskeleton and the nucleus in cellular 

geometry sensing in detail. Furthermore, we review the recently gained mechanistic insight on 

how cells perceive geometrical cues of different length scales. In chapter 3, we study the cellular 

attachment, migration and differentiation response towards valley-shaped concave and hill-

shaped convex spherical structures (Figure 1.3). In chapter 4, we investigate the cellular 

migration direction, speed and persistence on concave and convex cylindrical structures. In 

addition we study the migration response on saddle-shaped toroidal structures that 

simultaneously subject the cells to concave and convex curvatures in orthogonal directions. In 

chapter 5, we increase the complexity of the geometrical cues by adding an aligned network of 

collagen fibrils perpendicular to the cylinder axis and study the cellular orientation and 

migration response towards multiscale and conflicting geometrical cues. In chapter 6, we aim to 

even further increase the complexity and variety of combined geometrical cues. We present a 

protocol to generate protein micropatterns on curved substrates. Finally, in chapter 7 we discuss 

the main findings of this thesis and give recommendations for future research.  

 

 

 
Figure 1.3 Schematic representation of the substrates that are used in the experimental section of the 

thesis.
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2. Cellular geometry sensing at different length 

scales and its implications for scaffold design 

The contents of this chapter are based on: 
M. Werner, N.A. Kurniawan, C.V.C. Bouten, Cellular geometry sensing at different length scales 

and its implications for scaffold design, in preparation  
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2.1 Abstract 

 
The success of scaffold-guided tissue regeneration largely depends on the formation of new 

tissue in a native-like organization in order to ensure proper tissue function. A well-considered 

internal scaffold design (i.e. the architecture of the porous structure) can largely contribute to 

the desired cell and tissue organization. Advances in scaffold production techniques for tissue 

engineering purposes in the last years have provided the possibility to accurately create 

scaffolds with complex macroscale external and microscale internal architectures. For 

intelligent design of a scaffold architecture, prior understanding on how cells sense the 

geometry of their environment is essential. Using the knowledge on how cells sense 

geometrical cues of different size ranges can contribute to a rational design approach. 

Furthermore, it may contribute to the educated design of hierarchical scaffold geometries that 

contain geometrical cues of different length scales. This concise review addresses the recently 

gained knowledge on the sensory mechanisms of cells towards geometrical cues of different 

sizes (from nanometer to millimeter range) and points out how this insight can contribute to 

informed architectural scaffold designs. 

 

2.2 Introduction  

 
In vivo, tissues have specific geometrical properties that contribute to their physiological 

function. For instance, bone tissue has a hierarchical structure where the mechanical properties 

are linked to the structural properties [28–30]. Tendons and ligaments have highly aligned 

collagen fibers that endow them with the ability to resist mechanical loading [31]. Another 

example is healthy cardiovascular tissues that are organized in an anisotropic manner in order 

to withstand the high strains and shear stress present in these tissues and to perform their 

functions effectively [32–35]. Within these tissues there is a dynamic interplay between the cells 

and the extracellular matrix (ECM) [36,37]. Cell orientation can be affected by the tissue 

geometry. In turn, these cells contribute to architectural organization of the extracellular matrix 

by re-arranging the ECM and producing new matrix proteins [21]. Knowledge on how the 

geometry of the extracellular environment influences cell behavior, and vice versa, is crucial to 

better understand healthy tissue development, but also the micro-environmental situations 

underlying changes in cellular behavior in a disease [38,39]. Furthermore, it opens an attractive 

avenue of using the substrate geometry as an instructive factor to direct cellular organization 

towards a native situation. This is of particular relevance in the field of tissue engineering, 

where biomaterial scaffolds can be specifically designed to guide tissue regeneration [40].  

In tissue engineering techniques, a three dimensional biodegradable material is utilized as a 

temporary template to promote and guide the neo-tissue formation in a pre-determined 

manner [41].  Especially in in situ tissue engineering, in which case a cell-free scaffold is 

implanted and cells need to actively infiltrate the scaffold, it is of interest that the intrinsic 
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scaffold properties can guide cells in a desirable orientation [9]. Ultimately, the infiltrating cells 

should form a tissue with specific organization that grants proper tissue functionality. 

Conventional scaffold production techniques allowed only rough tuning of the geometrical 

properties of the scaffold [42]. Scaffold fabrication techniques have rapidly advanced and have 

started to allow increasingly detailed control over the geometry of the product [43–49]. 

Additive manufacturing techniques can produce three-dimensional (3D) structures in a layer-

by-layer fashion using a 3D computer-aided design (CAD) [50]. This has allowed scientists to 

design and produce complex geometries with high accuracy. The external geometry of the 

scaffold can be designed in a patient-specific manner, based on medical imaging data (e.g. from 

MRI or CT scans) [41]. Moreover, this approach also allows detailed control of the internal 

geometry, for instance based on mathematically defined functions [42,51,52]. Reproducible 

control of the internal scaffold architecture plays an essential role in employing the scaffold 

internal design to guide cell infiltration and tissue organization in the desired direction. A large 

variety of different porous structures from the nanometer to mesoscopic scale can be 

combined in scaffolds to create complex multi-scale hierarchical scaffold geometries [43,53–

56].  Some examples of various scaffold designs are presented in Figure 2.1.  

Even though high control of scaffold design is nowadays possible, it remains challenging to 

define a geometrical design that directs cell organization and contributes to the development of 

a specific tissue structure. Instead of using a trial-and-error based approach, a rational design 

approach is preferred to design scaffolds that induce a desired cellular response in a more 

efficient manner. Importantly, a rational design approach relies on prior knowledge on how 

cells sense and respond towards basic geometries [52,57]. Based on this knowledge, an 

informed choice could be made in the scaffold design. However, the scaffold’s internal 

architecture is made up out of multiple interdependent parameters (such as porosity, pore size, 

strut size, strut geometry etc.), which makes it difficult to appoint an observed cellular reaction 

towards one particular parameter. A further challenge is that the architectural properties also 

have an effect on the mechanical and degradation properties of the scaffold, which in turn can 

influence the cellular behavior and tissue structure as well [57,58]. As also noted by Kelly et al., 

scaffold designers are in need of systematic studies that isolate a scaffold parameter of interest 

and study the relationship between the cells reaction and that particular parameter [57]. 

Minimal model systems with highly defined and reproducible characteristics have been used to 

identify and understand the cellular response towards specific cues [23,59]. Over the last 

decades, it has been demonstrated that cells respond to a wide variety of geometrical cues in 

the form of ridges, lines, pillars, pits or other shapes in sizes ranging from nanometer to 

millimeter scale (reviewed by [59,60]). These minimal systems use generally two-dimensional 

(2D) or pseudo-3D two-and-a-half-dimensional (2.5D) relief structures to study the cellular 

response towards highly controlled geometrical cues. The translation of the observations of the 

cellular behavior on these structures towards a 3D scaffold structure remains challenging. In 

the recent few years, increasing attention has been focused toward the question how cells 

actually perceive these geometrical cues of the extracellular environment, in addition to the 

downstream effect of the cue on the cellular behavior. This growing mechanistic insight in 

geometry sensing is essential to understand how cells will respond to increasingly complex 
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geometric environments. Scaffold designers could use the knowledge on how cells sense and 

respond to different geometrical cues to make informed, smart designs where the cellular 

orientation and subsequent tissue organization can be predicted and steered in a desired 

direction.  

 

Figure 2.1  (A) Electrospun PCL-bisurea scaffolds with an isotropic (top) or an anisotropic organization 

(bottom). Fiber diameter is approx. 6 µm. Scale bar = 100 µm. Image adapted from [61]. (B) CAD 3D 

model (left) and scanning electron microscopy (SEM) image of a scaffold produced by 3D plotting from 

a blend of corn starch with PCL (30/70 wt. %).  The fiber thickness (i.e. layer thickness) was 0.19 mm. A 

gradient in fiber distance was applied in which the fiber distance progressively decreased by 0.05 mm, 

resulting in a fiber distance of 0.75 mm in the outer layers and a fiber distance 0.1 mm in the center of the 

scaffold. Image adapted from [62] with permission. Please note the difference in fiber size between (A) 

and (B). The fiber shape is similar. However, the fiber diameter in (A) is much smaller than the size of a 

cell, while the fiber diameter in (B) is similar or larger than the size of a cell. (C) Scaffold designs based on 

triply periodic minimal surfaces (TPMS) have highly defined internal geometries. A diamond structure is 

depicted on the left and a gyroid structure on the right (top images show one unit cell of the structure, 

bottom images the CAD design of a scaffold with 4x4 unit cells). The Gaussian curvature distribution of 

the scaffold struts can be calculated and by adjusting the number of unit cells and scaffold dimensions a 

scaffold can be designed with predefined Gaussian curvature distributions. Image adapted from [51] with 

permission. (D) CAD model of a hierarchical scaffold that combines gel microfibers (20 wt% gelatin 

solution and 4 wt% sodium alginate, diameter = 440 µm) produced by 3D bioprinting and PCL 

nanofibers (diameter = 190 nm) produced by electrospinning. Image adapted from [56] with permission. 

(E) Hierarchical PCL scaffold with cylindrical structures (0.5 mm diameter) that contain microgroove 

patterns aligned perpendicular to the longitudinal reference direction of the cylindrical structures 
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(thickness = 25.40 µm). Microgroove patters aligned along the longitudinal direction of the cylinders (0°) 

and at a tilted  45° angle were also produced. Image adapted from [43] under Creative Commons 

Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).   

Here, we provide a concise review on the mechanism of how adhesive cells sense geometrical 

cues of different length scales. We focus our attention on geometrical cue sensing at length 

scales ranging from nanometer to millimeter. This review will not describe the numerous 

downstream effects of geometry on cell behavior (excellent reviews on this subject include 

[63–65]), nor will it touch the effect of geometry on the mechanical function of the scaffold 

(described by [57,58]). Instead, this review will solely focus on the recently gained mechanistic 

insight on how cells sense geometrical cues of different size and origin. We will first shortly 

describe the general principles of how cells sense mechanical and physical properties of their 

environment. Next, we focus on the mechanisms that cells employ to sense geometrical 

guidance cues smaller than cell size. This is of relevance for the design of fibrous scaffolds 

with scaffold fiber diameters ranging from nanometer to a few micrometers. This is followed 

by a description of our knowledge on how cells sense geometrical cues larger than the size of 

the cell. In particular we focus on the cellular sensing mechanisms towards substrate curvature, 

an important parameter in 3D tissue engineering scaffolds produced by additive manufacturing 

techniques. Finally, we propose several directions that are worth pursuing to further advance 

our knowledge on the cellular geometry sensing and response in complex environments and 

describe how this could contribute to smart scaffold design.     

 

2.3 Cellular geometry sensing 

 
Cellular adhesions to the substrate, the cytoskeleton and the nucleoskeleton all play important 

roles in how adherent cells sense geometrical cues of their substrate. When a cell adheres, 

spreads and polarizes on a substrate, actin polymerizes into fibrils, forming filamentous actin 

(F-actin). F-actin  pushes the plasma membrane forward, creating a leading edge protrusion. 

Integrins in the plasma membrane subsequently function as anchorage points to the substrate. 

Integrins are intermembrane proteins with an extracellular tail and an intracellular tail [66]. 

Activated integrins attach with their extracellular tail to ECM molecules such as fibronectin, 

vitronectin, collagen and laminin, while the intracellular component of the protein is attached 

to F-actin through adapter proteins (such as talin). This connection forms a nascent adhesion 

of the cell towards the substrate [67]. F-actin can further organize into higher order structures 

called stress fibers. These stress fibers contain crosslinked F-actin and non-muscle myosin 

motor proteins. This composition enables stress fibers to contract (for extended information 

about stress fibers we refer to [68] and [69]). Following F-actin polymerization at the leading 

edge, the F-actin networks are moved backwards towards the cell center. This F-actin 

retrograde flow, resulting from F-actin polymerization and myosin contractility, creates a force 

directed towards the center of the cell on the nascent adhesions [70–72]. The traction force 

pulls on the adhesions and thereby drives the maturation of focal adhesions (FAs) by triggering 
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a cascade of events where integrins cluster together and large number of adapter proteins (such 

as focal adhesion kinase (FAK), paxillin, and vinculin) are recruited and subsequently activated 

to strengthen the bond of the ECM to the cytoskeleton of the cell [67,73]. Thus, FA is the 

collective name for the proteins that link the intracellular cytoskeleton to the extracellular 

matrix. FAs function as a so-called molecular clutch. When a force applied on the adhesion is 

below a certain threshold, the FA disintegrates, however a force above the threshold further 

strengthens the adhesion (excellent reviews about the molecular clutch mechanism and force 

dependent adhesion growth include [20,74,75]).  

Actin fibers are not only connected to the FAs, they can also be physically linked to the 

nucleoskeleton of the nucleus at the nuclear membrane via protein linkers. Nesprin proteins at 

the outer nuclear membrane are linked to SUN proteins, located in the inner nuclear 

membrane, which connect to the nuclear lamina and chromatin at the inside of the nucleus 

[22,76]. Chromatin contains the genetic information of the cell, the DNA, which needs to be 

protected. The viscoelastic properties of the nucleus ensure that it can be protected against 

deformations. A-type lamins (lamin A and C) in the nuclear lamina are proteins that can be 

considered as viscous components that organize in a condensed state when force is applied on 

the nucleus and thereby function as a shock-absorber [77]. B-type lamins, on the other hand, 

have elastic properties that restore the nuclear shape [78]. The linker of the nucleoskeleton 

with cytoskeleton (LINC complex) shows resemblance to how the cytoskeleton is linked to the 

ECM via FA complexes at the cellular membrane. In fact, through this continuous connection, 

the nuclear interior is mechanically linked to the cellular exterior via the LINC complexes, 

cytoskeletal fibers and FA complexes (Figure 2.2A) [22].  

Cells can employ this direct physical interconnection between intracellular components and 

ECM to detect mechanical properties from their environment (such as ECM stiffness and 

topography). Cells can transmit traction forces (e.g. generated by myosin contraction or actin-

retrograde flow) through the adhesions on the ECM. The forces acting on the cell-matrix 

interactions depend on the ECM properties and the cellular contractility [74]. This force can 

give rise to mechanosensing via a number of molecular mechanosensors, proteins that respond 

to force application (e.g. via conformation changes, or changed binding activity) [20]. This can 

induce a series of different signaling events that transduce the mechanical signals in the cell 

(termed mechanotransduction). This can result in cellular changes in order for the cell to adapt 

to the extracellular environment (termed mechanoresponse)[16].  

In the following sections we will focus our attention on how cells employ the connection of 

the nucleus through the cytoskeleton and the FAs to sense geometrical cues from the 

extracellular environment. In particular, we will discuss in detail how focal adhesion placement, 

growth and stability seem to be the determining factors in how cells sense contact guidance 

cues (i.e. anisotropic cues at size ranges smaller than the size of the cell), while F-actin integrity 

and nucleus placement appear to determine the cellular orientation response towards 

geometries larger than cell size (e.g. substrate geometry).  
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Figure 2.2 (A) Schematic representation of the connection from the ECM to the nucleus via FAs, actin 

filaments and LINC complexes. Please note that many more intracellular components play a role in cell-

matrix adhesions and the transmission of extracellular signals towards the inside of the cell. This figure 

summarizes the intracellular components that are discussed in this review. (B) HT-1080 cells expressing 

Ruby-Lifeact indicating actin in magenta (top) and EGFP-paxillin indicating paxillin in FAs (bottom) on 

2D PCL scaffolds with aligned fibers (blue, fiber diameter 700 nm). Adhesions were primarily formed 

along the aligned fibers. Image reused from [79] under Creative Commons Attribution 4.0 International 

License (http://creativecommons.org/licenses/by/4.0/). (C) Micropatterned geometric constrains ± 

equal to cell size (island area = 1600 µm2) affect cell shape, F-actin cytoskeleton organization and nucleus 

morphology. On square fibronectin islands fibroblast adapt a mesh-like F-actin cytoskeleton, whereas on 

rectangular islands have F-actin fibers that run parallel over the nucleus. Note the difference in nuclear 

height between the cells on square and rectangular islands (images on the far right). Scale bars represent 

10 µm. Image reused from [80] with permission.  (D) The actin cap fibers indent in the nucleus in human 

umbilical vein endothelial cells (HUVECs). An increase in LINC complexes and lamin at the location of 

the actin fiber indentation sites indicate that the actin fibers are anchored to the nucleus and apply a 

compressive force on the nucleus. Scale bars represent 1 µm. Image reused from [81] under Creative 
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Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/). (E) 

Curved substrates can affect cellular and nuclear morphology. Concave spherical surfaces enabled the cell 

body of human bone marrow stromal cells to lift off the surface, on convex spherical surfaces 

cytoskeletal tension induced nuclear compression and deformation (F-actin in red, lamin A in green) (see 

also chapter 3). Image reused from [82] under Creative Commons Attribution 4.0 International License 

(http://creativecommons.org/licenses/by/4.0/). (F) Human bone marrow stromal cells align along the 

longitudinal axis of a convex cylindrical substrate (F-actin in grey, cylinder diameter = 250 µm). Scale bar 

= 100 µm. Image adapted from [83] (see also chapter 5). 

 

2.4 Adhesion position, maturation and stability form the basis of contact 

guidance sensing 

 
Contact guidance is a phenomenon that is defined by cellular orientation in the direction of 

anisotropic cues, typically ranging from tens to hundreds of nanometers to several micrometers 

[84]. In the body, contact guidance cues can for instance be found in the form of aligned 

collagen fibrils [39,85]. Moreover, contact guidance cues can also be encountered in fibrous 

electrospun scaffolds, often used in cardiovascular tissue engineering [32,86,87]. Minimal 

model systems such as printed protein lines or single fibers have been utilized to systematically 

investigate the cellular sensing mechanism of cells toward such cues. The force dependent 

maturation and stabilization of FAs that was described above has been found to be a key 

mechanism by which cells perceive contact guidance cues. The size, shape and orientation of 

the features on the substrate can for instance regulate adhesion maturation by controlling the 

available area for adhesion growth [88–90]. Doyle et al. compared the adhesion dynamics in 

fibroblasts when cultured on 2D substrates and on a 1D-like single 1.5–2 µm-wide line. In 

contrast to on 2D surfaces, all FAs on 1D-like substrates matured. The adhesions on the lines 

remained stable 6-times longer than on a 2D surface. Furthermore, cells showed higher 

protrusion rates on 1D lines compared to 2D surfaces [89]. This indicates that directional 

constriction of the available attachment area induces FA maturation in a predefined 

orientation. Recently, Ray et al. showed with various human breast- and pancreatic carcinoma 

cell lines on aligned ridged substrates (ridge and groove width 800 nm) that the topography of 

the substrate can constrict FA growth, only allowing the FA to grow in the direction where 

attachment molecules are present. This leads to directional maturation and orientation of FAs 

and is accompanied by an aligned F-actin organization, leading to anisotropic traction forces. 

These directed traction forces, in turn, bias the cell polarization and migration direction on 

aligned substrates [88]. This knowledge can be of relevance if scaffolds are expected to evoke 

cellular organization in an anisotropic manner. It is important to note that local anisotropic 

forces can also give rise to a biased FA growth. A single collagen fiber has a stiffness in the 

MPa range in the longitudinal direction, however the stiffness is much lower in the 

perpendicular direction [91]. It was demonstrated in fibroblasts that FAs and leading edge 

protrusions were oriented in the longitudinal direction of the collagen fibers in an aligned 3D 

collagen gel. In this situation, FA growth was not necessarily limited by substrate feature size 
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or orientation, but rather the higher rigidity of the fiber along the longitudinal axis promoted 

the cell to form stable FAs in this direction. The local orientation-dependent fiber rigidity has 

an effect on FA stability, which subsequently provides an anchor for further protrusion in the 

direction of longitudinal axis of the fiber [91].  

FA maturation and stability is force rate dependent and this rate can be influenced by external 

factors (e.g. substrate feature size and shape, substrate rigidity) but also by internal factors such 

as myosin II contractility [20]. Myosin inhibition by blebbistatin resulted in a reduced 

protrusion rate at the leading edge in cells on a 1D adhesive line. This suggests that myosin II 

contractility is vital for increased FA stability which in turn is associated with leading edge 

protrusion [89]. Interestingly, Kubow et al. recently reported that contact guidance is 

independent of myosin II activity. They observed that both control and myosin II inhibited 

cells formed adhesions along aligned PCL fibers. Furthermore, 80% of myosin II inhibited 

cells (using 50 µM blebbistatin) were oriented within 10° of the average PCL fiber orientation, 

indicating that cell orientation in response to contact guidance cues in the form of scaffold 

fibers is not dependent on myosin II [79]. Myosin II inhibition leads to an inhibition of FA 

maturation. Contact guidance along the fibers can therefore no longer be solely explained by 

the limited fiber width causing adhesions to mature and grow only in the longitudinal direction. 

The authors argued that another complementary mechanism is responsible for the aligned 

adhesions and cells on aligned fibrous substrates. They suggest that the continuous surface of a 

fiber in the longitudinal direction provides a favorable adhesive substrate to form a sequential 

series of adhesions, rather than spacing over the gap between several fibers to form new 

adhesions. This succession in adhesion formation along the direction of the polymer fiber can 

therefore cause overall cell polarization (Figure 2.2B) [79].     

    

Further recent research has revealed that a variety of other cellular components and 

mechanisms also play a role in FA placement and orientation. Swaminathan et al. reported that 

activated integrins orient and align in FAs as a result of the F-actin retrograde flow. The 

authors argued that FA elongation originated from the force-dependent directional recruitment 

of FA proteins and integrins in the direction of the retrograde flow [92]. Huang et al. 

demonstrated that the stability of the linkage of the FA-adapter protein vinculin to F-actin is 

direction dependent. The vinculin-F-actin bond had a 10 times longer lifetime when vinculin 

was directed towards the pointed (-) end of the actin filament (i.e. the direction of F-actin 

retrograde flow in a lamellipodium or filopodium) compared to the barbered (+) end [93]. 

Pontes et al. explored the role of membrane tension on leading edge protrusion and FA 

placement. They showed that lamellipodium protrusion leaded to an increase in membrane 

tension, which compressed the lamellipodium [94]. At high membrane tension, the cell front 

buckles, which leads to the force-dependent maturation of a adhesion row at the base of the 

buckled region and the formation of new adhesions at the front in a synchronous manner 

[74,94].  
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Together, these studies suggest that there is a direction dependency of adhesion protein 

location and/or orientation in response to anisotropic cues or forces. Anisotropic FA 

placement and force-dependent FA maturation and stabilization followed by leading edge 

protrusion in line with the oriented adhesions are suggested to underlie the cellular response 

towards contact guidance cues smaller than cell size. Several mechanisms on how contact 

guidance is sensed by cells have been put forward, but so far no single, universal mechanism 

has been demonstrated. In fact, the possibility that a combination of mechanisms induces 

contact guidance should not be excluded. Computational models in combination with 

systematic experimental cell studies that study FA and cytoskeleton could be promising to 

explore such multiscale mechanisms. Furthermore, the geometry sensing mechanisms reported 

might be cell type or substrate material (or geometry cue type) dependent. While the above 

described studies present very fundamental knowledge on how cells sense and respond to 

contact guidance cues, this knowledge can eventually be of practical relevance for 

understanding tissue physiology and regeneration.  

 

2.5 Cell-scale geometrical cues affect the cytoskeletal organization and 

nucleus morphology  

 
The above mentioned studies focused on anisotropic geometrical cues which are in the nano- 

or micrometer range, that are primarily relevant for fibrous scaffolds. Many scaffold designs 

contain features that are of a larger length scale. Additive manufacturing scaffold production 

techniques create scaffolds with struts in the size range of tens to hundreds of micrometer. 

Depending on the cell type, these geometrical features are in the size range of the size of the 

cell or larger than cell size. Cells will recognize the geometry of the struts as substrate 

curvatures. For this reason, it is of relevance to gain insight in how cells sense and respond to 

substrate geometries larger than the size of the cell. Before we address this subject in the next 

section, it is interesting to first focus our attention on the cellular sensing mechanism of 2D 

geometrical cues equal to cell size. Information obtained from experiments on these 2D 

subjects can help us better understand the later discussed cellular sensing mechanism on 

substrate curvatures.  These studies on the effect of 2D geometrical cues in the range of the 

cell size have identified an additional important player in the cellular geometry sensing of cells: 

the nucleus.  

Micropatterned protein islands on a 2D substrate have been used to confine cells towards a 

specific size or shape and allow a systematic approach to study the interconnected relationship 

between various intracellular components and cell shape. Micropatterned geometric constrains 

larger than cell size, have been shown to drastically influence cell shape, F-actin cytoskeleton 

organization and nucleus morphology [80,95,96]. Fibroblasts on square-shaped islands (1600 

µm2) exhibit a mesh-like F-actin cytoskeleton, whereas fibroblasts on rectangular adhesive 

islands of the same area possess distinct F-actin fibers parallel to the long axis of the cell that 

bridged over the nucleus. This so-called perinuclear actin cap (or actin cap, in short) also 
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affected the nuclear morphology. The presence of an actin cap, controlled by the cell shape, 

correlated with a decrease in nuclear height (Figure 2.2C). The individual actin cap fibers can 

even indent the apical side of the nucleus, thereby exerting a compressive load on the nucleus 

[80]. This compressive load of the actin fibers was shown to be actomyosin dependent as 

nuclear height increased when actomyosin contraction was inhibited [80,97]. It was shown that 

the nuclear indentations caused by the apical actin stress fibers coincided with an increase of 

LINC complexes, indicating that the actin stress fibers are firmly anchored at the indentation 

side (Figure 2.2D) [81]. 3D reconstruction of confocal images revealed that A-type lamins 

vertically polarized to a dome-structure at the apical side of the nucleus where tension is 

exerted by the actin cap [98]. The apical stress fibers pressing on the nucleus were also found 

to affect the internal chromatin organization [80,98,99], histone acetylation levels [95] and 

telomere dynamics [100]. Telomeres are essential for cellular homeostasis, while histone 

acetylation is associated with chromatin decondensation and activation of transcriptional 

activity [95,100]. External geometrical cues at length scales around the cell size can thus affect 

cell shape, cytoskeletal organization and nucleus morphology, which in turn can influence 

intranuclear protein dynamics that play a role in gene expression regulation. 

Indentation of the nucleus by actin stress fibers was shown to lead to nuclear confinement 

accompanied by an increase in intranuclear pressure that can even result in chromatin hernias 

and nuclear envelope rupture [101]. This shows a similarity to when cells migrate through very 

narrow constrains that requires deformation of the nucleus to fit through [102]. The 

observation that lamin A increases when actin cap fibers apply a downward push force on the 

nucleus suggests that the nucleus possesses mechanoresponsive mechanisms to protect its 

integrity. Besides geometrical cues, other external cues such as substrate stiffness and substrate 

stretching can also initiate a specific response in the lamin A or actin cap organization aimed to 

protect the nucleus for deformation [103,104]. The effects of indentation of the nucleus by 

actin cap stress fibers are reversible when the actin cap disappears. The lamin A network 

returns to a less compact state and the nucleus returns to a relaxed rounded morphology 

[81,98]. Also the changes in chromatin structure initiated by the nuclear compression and 

indentation are reversible [81,105]. Together, this indicates that the nucleus possesses 

mechanoresponsive protection mechanisms to prevent excessive nuclear deformation through 

compressing forces exerted by actin cap stress fibers.  

 

2.6 Substrate curvature modulates cytoskeletal forces acting on the 

nucleus and stress fiber integrity 

 
The microcontact printed adhesive 2D islands have provided valuable insight in the 

downstream effects of cell shape on intracellular and intranuclear protein organization and 

dynamics, however such adhesive islands do not naturally exist in vivo. In the body as well as 

in tissue engineering scaffolds, cell-scale geometrical cues are primarily represented by 3D 
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curved surfaces such as cavities or cylindrical structures (e.g. in the form of scaffold struts, 

natural vessels or large collagen bundles). Substrate curvatures with radii of curvature similar or 

bigger than cell size have been shown to remarkably affect the morphology of human bone 

marrow stromal cells (hBMSCs) [82]. Unlike on the 2D adhesive patterns described in the 

previous section where cells are forced to assume a particular shape by confinement of the 

adhesive area, concave (valley shaped) and convex (hill shaped) substrates can induce radically 

different attachment morphologies without confining the cell to a particular predefined shape. 

hBMSCs on concave hemispherical substrates (diameter = 250-750 µm) stretched upward, 

minimizing the contact area of the cell to the substrate with only district attachment points at 

the periphery of the cell. On convex hemispherical substrates the cell body had to remain in 

full contact with the substrate and the nuclei were flattened and sometimes even presented a 

bent (bean-like) nuclei shape. Actin cap stress fibers indented on the nuclear membrane and 

lamin A levels were elevated on convex substrates compared to on flat and concave substrates, 

indicative of a compressive force on the nucleus (Figure 2.2E) [82] (see chapter 3 for a detailed 

explanation). Pieuchot et al. used a sinusoidal hills and valley array substrate (sinus wave length 

of 100 µm, maximum amplitude of either 5 or 10 µm) and demonstrated that migrating 

mesenchymal stem cells (MSCs) avoided convex regions. The nucleus seemed the leading 

factor in this behavior. Nuclei in migrating cells were translocated from concave region to 

concave region, remaining excluded from convex regions.  Nuclei on concave surfaces were 

more spherical compared to on flat regions, suggesting that the nucleus is in a mechanically 

relaxed state when positioned in concave regions [106]. Computational modeling gives us 

further insight in the effect of substrate curvature on the mechanical state of adherent cells. In 

line with the abovementioned experimental studies, the computational model presented by 

Vassaux and Milan predicted an increasing vertical compressive pressure on the nucleus when 

the degree of convexity of the substrate increases (radii of curvature ranging from 75 – 500 

µm). Stress fibers function in a bent configuration on convex surfaces, resulting in a vertical 

force pointing downward that applies a pushing force on the nucleus. On the other hand, on 

concave surfaces, the stress fibers were almost straight in the horizontal plane, resulting in a 

reduction in vertical straining forces and a rounder nucleus [107].  

Besides the compressive force that stress fibers can transmit onto the nucleus, the integrity of 

the stress fibers itself is also influenced by curved substrates. Dunn and Heath demonstrated 

already years ago that substrate curvature-induced stress-fiber bending impairs the coherence 

of the actin cytoskeleton and may even lead to actin fiber fragmentation [108]. Computational 

models also showed that it is energetically favorable for a stress fiber to be in a straight 

configuration [109]. Bending of stress fibers would impede the contractility of the cell [110]. 

Biton and Safran presented a theoretical model that showed that the cellular response towards 

a cylindrical substrate depends on the competition between the stress fiber bending energy and 

the deformation energy [109]. In cells with developed and aligned stress fibers, the stress fiber 

bending energy dominates and cells align along the cylinder axis to prevent stress fiber bending 

and lower the overall elastic energy. On the contrary, in cells with thinner stress fibers, the 

active contractility of the cell is the dominant factor determining the cellular orientation. These 

cells are predicted to orient perpendicular to the cylinder axis because the deformation due to 
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the substrate curvature partly cancels out the active contractile deformation, lowering the 

overall elastic energy [109]. Recently, Bade et al. identified that actin stress fibers below and 

above the nucleus respond differently in mouse embryonic fibroblasts and human vascular 

smooth muscle cells cultured on cylinders [111]. Actin cap stress fibers, running over the 

nucleus, aligned along the longitudinal axis of the cylinder, while the shorter basal stress fibers, 

below the nucleus, oriented in the circumferential direction. Rho activation (which regulates 

smooth muscle contraction) led to disassembly of the actin cap stress fibers, whereas basal 

stress fibers became thicker and strongly aligned in the circumferential direction of the cylinder 

[111]. The authors refer to the theoretical framework of Biton and Safran [109]  to explain the 

district orientation of the two stress fiber populations and speculate that the activation of Rho 

leads to a contractility-dominated regime that can override the bending-dominated regime 

[111]. We recently directly compared the actomyosin cytoskeleton in human bone marrow 

stromal cells (hBMSCs) on convex spherical and cylindrical substrates. On spherical surfaces, 

cells had to adapt their morphology to the curved substrate, while on cylindrical substrates cells 

elongated and directed their cell body towards the longitudinal direction of the cylinder, 

thereby partly avoiding the curvature of the substrate (Figure 2.2F). More pronounced stress 

fibers and a higher F-actin signal intensity per cell was found on cylindrical substrates in 

comparison to spherical substrates. Interestingly, higher levels of myosin light chain 

phosphorylation, indicative of non-muscle cell contractility, were found in cells bent on 

spherical surfaces compared to cells on cylinders [83]. These observations suggest that 

hBMSCs have pronounced F-actin fibers in an unbent situation. The lower F-actin levels and 

higher phosphorylated myosin levels observed on spherical substrates suggest that more 

myosin II has to bind to the actin cytoskeleton to balance the reduction in F-actin stress fibers 

to maintain cytoskeletal tension in cells in a curved configuration [83] (see chapter 5 for a 

detailed explanation).  

The above mentioned studies suggest a delicate interaction between cellular bending, stress 

fiber organization and compressive forces on the nucleus that together orchestrate the cellular 

response towards curved substrates. It is of interest to directly compare various cell types with 

differently organized cytoskeletons on anisotropic curved substrates (e.g. cylinders) in the 

future. In particular, a comparison of cells that naturally possess pronounced apical stress 

fibers (such as fibroblasts and mesenchymal stromal cells) with cell types that do not have 

aligned apical stress fibers or possess a cortical cytoskeleton could advance our knowledge on 

the role of the cytoskeleton on the cellular orientation response on strut-like structures.  
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2.7 Discussion and future perspectives 

2.7.1 Simultaneous monitoring of nucleus and stress fiber response in cells on curved substrates 

 

Curvature guidance seems to result from a mechanosensing and -response mechanism. We 

speculate that when a cell with aligned apical stress fibers is subjected to a curved substrate 

(e.g. a scaffold strut) outside-in signaling arises from nucleus deformation from indenting stress 

fibers and/or impeded stress fiber integrity. An inside-out signaling follows that is aimed to 

regain nucleus relaxation (e.g. by lifting the cell body upwards towards a less bent configuration 

in concave pits) and/or restore stress fiber stability (e.g. by reorienting towards a less bent 

configuration). If this is not possible (e.g. on convex spherical substrates where cells have no 

possibility to avoid the substrate curvature by rearranging their morphology or orientation), 

biochemical changes in the actomyosin cytoskeleton are applied to maintain cytoskeletal 

integrity in a bent configuration. This mechanosensitivity and –response based mechanism of 

the curvature guidance response described here is based on accumulative conclusions of 

several studies discussed in this review. Further studies that closely monitor (or model) the 

nuclear morphology and stress fiber organization in several cell types in response to a variety 

of curved surfaces will be necessary to deepen the mechanistic insight in the curvature 

guidance response. This information in turn is relevant for selecting strut sizes and geometries 

in scaffold designs. The observation that cell bending induces nuclear indentation by the apical 

stress fibers, while other studies report that cell bending impedes apical stress fiber integrity 

may seem contradictory. This motivates studies towards the forces (magnitude and direction) 

stress fibers can exert in bent and straight configurations. It further highlights the need to 

study both the nuclear and stress fiber response simultaneously and monitor the timescale on 

which adaptations in nucleus morphology and the cytoskeletal organization and orientation 

take place.  

 

2.7.2 Contribution of  cytoskeletal subtypes in the cellular response towards geometric cues 

 

Current studies mainly focused on the organization of the actin cytoskeleton when 

investigating the contact- and curvature guidance response. Actin fibers interact with the two 

other cytoskeletal fibers, microtubules and intermediate filaments [112]. Microtubules and 

intermediate filaments are, like actin fibers, also coupled to the nucleoskeleton through LINC 

complexes [113]. The cytoskeletal subtypes are often studied separately, however there is 

growing evidence that the interconnections between the cytoskeletal fibers result in coupled 

functions that control cell morphology, polarization and migration [112,114–117]. In other 

words, the overall functionality of the cytoskeleton cannot be simply represented by the 

accumulation of separate functions of the three cytoskeletal subtypes [112]. This makes it 

difficult to study the contribution of a separate cytoskeletal subtype to a specific function in 



Cellular geometry sensing  

 

33 

 

the cell. A future challenge lies in further unraveling the separate and additive functions of the 

cytoskeletal subtypes to deepen the mechanistic understanding of the cytoskeleton in general 

and the role of the cytoskeletal subtypes in mechano-sensing and –response behavior.  

 

2.7.3 Deeper insight in the role of the nucleus in cellular geometry sensing  

 

To specifically determine the role of the nucleus in the cellular orientation response towards 

geometric cues (e.g. substrate curvature that can induce nucleus compression and/or bending), 

it is of interest to study cells with divergent nuclear properties. Lamin deficient cells have a 

softer nucleus and do not have an actin cap, while lamin B1 overexpression can lead to a stiffer 

nucleus [118–120]. Cancer cells are known to have highly deformable nuclei and are associated 

with aberrant nucleus shapes [121,122]. Enucleated cells, cells where the nucleus was 

completely removed, have previously been shown to have unaffected migratory behavior on 

1D (in the form of a microprinted protein line) and 2D migration behavior, but showed slower 

migration behavior in 3D collagen matrices in comparison to untreated cells [123]. Together, 

these cells form interesting model cell types to study the role of the presence of a nucleus and 

nuclear mechanics on the response of cells towards geometrical cues. However, also here it 

should be noted that the contribution of the nucleus and the actin cap are difficult to study 

individually, because of their interconnection. Depletion of lamin or removal of the entire 

nucleus will therefore also affect the presence of the actin cap fibers. Besides the effect on the 

nuclear lamina, chromatin and telomere organization, it is also of interest to broaden our 

knowledge towards the effect of geometrical cues on other nuclear components.  

 

2.7.4 From 2D and 2.5D towards a 3D configuration 

 

Actin cap fibers only exist in a situation where a cell has a clear apical and basal side (e.g. on a 

2D substrate but also when a cell is attached on one side to struts of a 3D porous scaffolds, 

while no contact to other struts or features is made on the apical side of the cell). This is 

opposed to a 3D environment where a cell is completely surrounded by extracellular matrix 

and where no apical or basal side can be appointed. In vivo, contact guidance and curvature 

guidance cues can for instance be present in the form of aligned collagen fibers, vessels or 

myofibers [124,125]. These structures are surrounded by other tissues and extracellular matrix. 

Upon implantation of a cell-free scaffold in a tissue engineering approach, infiltrating cells can 

initially perceive the scaffold struts as a locally curved substrate (depending on the internal 

architecture and distance between the scaffold struts). However, at a later time point, when 

cells have started to produce ECM and the scaffold has started to degrade, the cells can 

perceive their surroundings as a 3D environment.  This has motivated studies to move towards 
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a 3D approach, by studying contact guidance in isotropic and anisotropic collagen matrices 

[126]. It also raises the question to what extend our knowledge from in vitro studies on 2D 

contact guidance and 2.5D curvature guidance can be extended towards an in vivo situation 

when cells are fully embedded in a 3D matrix. Micro-contact printed lines on a 2D substrate or 

hemispherical and cylindrical 2.5D substrates are used as study platforms that mimic an in vivo 

situation. An important advantage of using 2D and 2.5D study platforms is that they allow 

detailed microscopic examination of intracellular structural components of the cell and the 

control to specifically subject the cell to highly controllable cues. This has revealed important 

insight in the recognition and response mechanism of cells towards geometrical cues. A future 

step could involve an in vitro study platform where a clear distinction between the apical and 

basal sides of the cell is absent while maintaining the ability for high resolution imaging and to 

systematically study the cellular response towards specific cues.   

 

2.7.5 Cellular response towards multiscale geometrical cues  

 

Many studies provided cells with one geometrical cue at a time, while in an in vivo situation 

cells are often simultaneously subjected to multiple geometrical cues or other mechanical cues. 

Experimental platforms are emerging that subject cells to hierarchical multiscale cues that 

allow the study of cells in a more complex environment. It was for instance shown in a 2D 

setting that mesoscale cues (> 100 µm) in combination with microscale cues (1-2 µm) could 

enhance alignment of neo-tissue formation by MSCs when these cues were presented in the 

same direction. However, the mesoscale confinement cues overruled the microscale cues when 

presented perpendicular to each other [24]. In a migration study of breast epithelial cells, it was 

demonstrated that while nanoscale cues (ridges, 800 nm ride and groove width, 600 nm height) 

promoted migration in comparison to a flat surface, the microscale constrains (30-120 µm 

collagen coated pattern widths) were the dominant factor in controlling the migration distance 

[127]. Recently, we demonstrated that curvature guidance cues in the form of cylindrical 

substrates can overrule nanoscale contact guidance cues in the form of a dense anisotropic 

network of collagen fibrils aligned perpendicular to the cylinder axis [83]. Together, this 

demonstrates that geometrical cues can enhance each other, but a cue can also naturalize or 

even overrule another cue. For the future, systematic exploration of how cells perceive and 

process multiple cues that are subjected to cells simultaneously is of interest to better 

understand the decision-making process of cells on how they respond in complex multiscale 

environments. This could include close examination of FAs, cytoskeleton and nucleus when 

cells are subjected to combination of cues of different length scales (e.g. multiscale geometrical 

cues) or of different origin (e.g. combination of geometrical cues with other directional 

mechanical or chemical cues). Substrate materials that allow dynamic alterations of their 

properties (and thereby dynamic control of cues presented to the cell) in combination with 

high resolution live imaging involve another interesting path to study the immediate effect of 

cues on the intracellular structural organization and response.  
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2.8 Conclusion 

 
In the last years, it has become clear that cells can sense and respond to geometrical cues from 

the nanometer to millimeter scale. Moreover, scaffold production techniques allow controlled 

and reproducible production of complex scaffold architectures. This review has discussed the 

current knowledge on how cells sense geometrical cues of different size ranges. The challenge 

is to translate the knowledge gained from 2D and 2.5D model systems towards an informed 

3D scaffold design that has the potential to guide cell and tissue organization in a 

predetermined direction. In order to reach this goal a concerted effort is necessary in which a 

collective systematic approach is accurately applied to study the cellular sensatory and 

responsive mechanisms towards highly defined geometrical cues. The common goal would be 

to study the cellular response towards a large library of geometries and materials with highly 

defined properties. Moreover, using different cell types and cells with modified nuclear or 

cytoskeletal properties on this library of different geometries and materials in combination with 

high resolution imaging could further improve our knowledge on the role of different 

intracellular components on the overall cellular response. In combination with computational 

modeling this has the potential to further advance our knowledge on the sensory mechanism 

of cells towards geometrical cues of different size and origin. This knowledge can in turn form 

the basis of scaffold design principles for specialized tissue engineering approaches. Specialized 

scaffold designs could for instance promote the formation of a native-like tissue organization 

in tissue engineered constructs. Interdisciplinary exchange of expertise, materials (e.g. 

polymers, but also ready produced study platforms or scaffolds containing highly defined 

geometries), detailed standardized operation procedures and experimental results are essential 

for the success of this approach.  
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3.1 Abstract 

 
Signals from the microenvironment around a cell are known to influence cell behavior. 

Material properties, such as biochemical composition and substrate stiffness are today accepted 

as significant regulators of stem cell fate. The knowledge on how cell behavior is influenced by 

3D geometric cues is, however, strongly limited despite its potential relevance for the 

understanding of tissue regenerative processes and the design of biomaterials. Here, the role of 

surface curvature on the migratory and differentiation behavior of human bone marrow 

stromal cells (hBMSCs) was investigated on 3D surfaces with well-defined geometric features 

produced by stereolithography. Time lapse microscopy revealed a significant increase of cell 

migration speed on concave spherical compared to convex spherical structures and flat 

surfaces resulting from an upward-lift of the cell body due to cytoskeletal forces. On convex 

surfaces, cytoskeletal forces led to substantial nuclear deformation, increased lamin A levels, 

and promoted osteogenic differentiation. Our findings demonstrate a so far missing link 

between surface curvature and hBMSC behavior. This will help to better understand the role 

of extracellular matrix architecture in health and disease but will also give new insights in how 

3D geometries can be used as a cell-instructive material parameter in the field of biomaterial-

guided tissue regeneration. 

 

3.2  Introduction 

 
In native tissues, cells reside in an extracellular matrix (ECM) that regulates and guides multi-

cellular organization. Cells have the ability to sense physical properties of the ECM and 

respond to them [36,128]. The ECM therefore plays an important role not only in the 

maintenance of the structural integrity of tissues, but equally during tissue regeneration where 

the interplay between cells and ECM is altered as a consequence of injury [129,130]. In 

regeneration, human bone marrow stromal cells (hBMSCs) are believed to play an important 

role due to their ability for self-renewal and differentiation into different mature cells like 

osteoblasts, adipocytes and chondrocytes [131]. Numerous studies have shown that the 

mechanical properties of the cell’s microenvironment, such as the substrate stiffness, have a 

fundamental effect on stem cell fate and function and impact tissue regeneration [132–135].  

Evidence is rising that the geometrical properties of the cell’s environment also play an 

important role as regulators of cell behavior [80,95,136–143]. Using geometric features, such as 

pore geometry, as a cue to direct tissue regeneration is compelling since it may allow a 

biomaterial to steer cell function purely by its shape and hereby contribute to tissue 

regeneration. Although geometry guided cell behavior has been studied extensively on 2D 

substrates, the knowledge how 3D geometry affects cell behavior is strongly limited. A deeper 

insight into the role of geometrical cues on cell functions, such as cell migration and 

differentiation, is therefore needed for the design of 3D biomaterial environments fostering 

tissue regeneration.  
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In earlier studies, micropatterned substrates with various geometries have been used to 

investigate the relevance of cell shape for migration and differentiation. It was found that 

substrate geometries can affect stress fiber- and focal adhesion organization in 2D [144]. 

Furthermore, tensional stress concentration at corner regions of square adhesive islands 

promoted lamellipodia extension [145]. Micropatterned adhesive islands were also used to 

control the degree of cell spreading and it was demonstrated that increased spreading led to 

osteogenic differentiation, while a more round cell morphology promoted adipogenesis [146]. 

In addition, cells on adhesive islands of various geometries but with constant area were shown 

to have different differentiation profiles. Shapes with a high aspect ratio and high subcellular 

curvature promoted increased cellular contractility that led to osteogenic differentiation [136].  

In recent years, there is increasing evidence that 3D substrate geometry is a further relevant 

material parameter influencing tissue growth and organization. Using biomaterials with 

macropores of various shapes it has been demonstrated in the context of bone healing that the 

local tissue growth rate is strongly influenced by curvature [138]. Preferential tissue growth was 

observed in concave areas and at high curvature magnitude while tissue growth on uncurved 

and convex regions was minimal [138,147]. Curvature driven cell organization in macroporous 

biomaterials was also shown to influence extracellular matrix distribution [148]. Furthermore, 

there are first indications that also single cell behavior is influenced by surface curvature as 

cells were observed to actively migrate out of concave pits, while cells attached and proliferated 

on convex structures [137]. Recently, it was shown that the diameter of 3D spherical pores in 

scaffold structures has an impact on cell morphology and osteogenic differentiation of 

mesenchymal stromal cells [141]. Together, these studies give first evidence that cell behavior 

and organization are altered by curvatures much larger than the cell size. However, an 

understanding of how the macro-curvature of the surface (in a range larger than cell size, i.e. 

hundreds of micrometers) is sensed by cells and influences their function is missing even 

though it is essential in exploring surface geometry as a cell-instructive material parameter. A 

systematic study of the cell interaction with controlled substrate curvatures on a single-cell-

level is lacking. 

Here, we studied the influence of well-defined concave spherical, convex spherical and flat 

structures on the migratory and differentiation behavior of hBMSCs with relevance for bone 

tissue regeneration. To do this we developed 2.5D macro-topographic cell culture chips based 

on stereolithography. We demonstrate that concave substrates promote faster cell migration, 

while convex substrates induce osteogenic differentiation. Furthermore, we suggest a 

mechanism for the observed curvature dependent alterations in cell behavior based on 

cytoskeletal force-driven modulation of cell- and nucleus geometry. 
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3.3 Materials and Methods 

 

3.3.1 Design and production of the cell culture chip 

Cell culture chips containing 2.5D curved structures were designed using computer-aided 

design software (Rhinoceros 3D, McNeel Europe). The chips contain convex and concave 

spherical structures with principal curvatures of κ = 1/125, 1/175, 1/250 and 1/375 µm−1. 

Correct distance to the inverted microscope lens was ensured by 500 µm high feet at each 

corner and in the middle of the chip. Channels with a diameter of 500 µm and 750 µm ensured 

sufficient medium exchange during imaging.  

Three-armed PTMC 5000 g/mol macromers were produced by ring-opening polymerization 

of trimethylene carbonate (TMC, 0.98 mol, 100 g, Huizhou Foryou Medical DevicesCo) 

initiated by tri(hydroxymethyl)propane (TMP, 0.0196 mol, 2.62 g, Sigma-Aldrich) and catalyzed 

by stannous octoate (Sn(Oct)2, 0.05 wt%, Sigma-Aldrich) at a temperature of 130˚C for 3 days 

under argon atmosphere. Oligomers in solution in dry dichloromethane (100 mL) were end-

functionalized with methacrylate groups using methacrylic anhydride (0.176 mol, 26 mL, 

Sigma-Aldrich) in presence of triethylamine (0.176 mol, 25 mL, Sigma-Aldrich) at room 

temperature for 5 days under argon atmosphere. Premature crosslinking during the reaction 

was prevented by the addition of hydroquinone (0.06 wt%). Oligomers were subsequently 

precipitated in cold methanol. The degree of functionalization and molecular weight (Mn) of 

the macromer were determined by proton nuclear magnetic resonance (1H-NMR, 300 MHz) 

analysis in deuterated chloroform (CDCl3). A photo-polymerisable liquid resin was prepared by 

mixing PTMC macromers with 30 wt% propylene carbonate (Merck) as a diluent, 5 wt% 

Lucirin TPO-L (BASF) as a photo-initiator and 0.15 wt% Orasol Orange G dye (BASF) to 

control the cure depth of the light used for photo-polymerization. Chips were built using a 

commercial stereolithography apparatus (Envisiontec Perfactory Mini Multilens SLA). The 

building process involves subsequent distinct pattern projections of 1280x1024 pixels, each 

32x32 µm² in size. Layers with a thickness of 15 µm were cured by irradiating for 45 s with 

blue light (400-550 nm). After the building process, uncured excess resin was extracted in 

propylene carbonate which was refreshed daily for one week. Then, the chips were washed 

during one week in gradients of ethanol/propylene carbonate mixtures to slowly shrink the 

chips to their final dimensions. Chips were finally dried in air. Chips were characterized by 

scanning electron microscopy (JCM-6000; JEOL). The chips were sputter coated with gold 

(JFC-1200; JEOL) and studied at a voltage of 5 kV. 

 

3.3.2 hBMSC isolation and culture  

Bone marrow was obtained from human donors undergoing total hip joint replacements 

performed at Charité, Universitätsmedizin Berlin, Germany. This study was approved by the 

local ethical committee and all donors gave informed written consent. hBMSCs were isolated 

by density gradient separation using Histopaque-1077 (Sigma-Aldrich) and subsequent 
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adhesion to tissue culture polystyrene. In this study, hBMSCs from one donor (57y, m) were 

used at passage 2-5. Cells were cultured in expansion medium consisting of Dulbecco’s 

modified Eagle’s medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine 

serum (FBS, Biochrom AG), 1% penicillin/streptomycin (Biochrom AG) and 1% L-glutamine 

(glutaMAX, Invitrogen). Medium was refreshed 2 times per week and the cells were trypsinized 

(PAA laboratories) when a confluency of 80% was reached.  

 

3.3.3 Migration experiments  

hBMSCs were stained with 10 µM Cell Tracker Green (Life Technologies) and seeded on the 

chip. Time lapse imaging was performed using a Leica TCS SP 5 confocal microscope. An 

incubator chamber allowed live cell imaging at 37˚C and 5% CO2. Regions of interest were 

imaged with z-stacks of 4 µm z-spacing (ca. 40 planes per structure) at 512 x 512 pixels every 

45 min for 24 hours. Cell fluorescence was excited via the two-photon laser at a wavelength of 

910 nm. An automated x-y table allowed the imaging of multiple regions of interest per 

experiment. Migration experiments were repeated on 6 individual chips.  

 

3.3.4 Immunohistochemistry 

hBMSCs were stained for osteocalcin after 10 days of culture in either expansion medium or 

osteogenic medium (expansion medium supplemented with 100 nM Dexamethasone (Sigma-

Aldrich), 50 µM Asorbic Acid (Sigma-Aldrich) and 10 mM β-glycerol phosphate (Sigma-

Aldrich)). hBMSCs were stained for vinculin and lamin A after 2 days and 10 days of culture in 

expansion medium respectively. Cell seeded chips were fixated in 4% paraformaldehyde 

overnight and stained for osteocalcin (#13420, Abcam), vinculin (#V9131, Sigma-Aldrich) or 

lamin A (#8980, Abcam). F-actin was stained with Phalloidin 546 (in osteocalcin stained cells) 

or Phalloidin 633 (in vinculin and lamin A stained cells). Cell nuclei were counterstained with 

DAPI (Invitrogen). Immunohistologically stained chips were imaged using a Leica TCS SP5 

microscope.  A minimum of 6 concave / convex / flat structures from 2 chips were imaged 

per experimental group. Z-stacks were recorded at either 3 µm (osteocalcin) or 0.8 µm 

(vinculin and lamin A) z-spacing at 2048x2048 pixels (vinculin) and 1024x1024 pixels 

(osteocalcin, lamin A). Laser power and detector settings were kept constant during the 

imaging of the different probes.  

 

3.3.5 Cell speed analysis 

Acquired time-lapse images of the migration assay were analyzed using ImageJ plugin MtrackJ. 

[40] The centers of in total 517 cells (164 cells on concave, 181 cells on convex and 172 cells 

on flat surfaces) were tracked manually. The migration speed at each timeframe was calculated 

as the scalar of the displacement vector between two images, divided by the timeframe interval. 
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Data from cells located at a z-position within a range of 50 µm from the flat surface were 

excluded from further analysis. This criterion was chosen to analyze only cell movement on the 

structures and not on the surrounding flat surface or on the transition region from flat to 

curved surface. The average migration speed of every tracked cell on the structures was 

calculated. 

 

3.3.6 Data analysis of immunohistochemistry data  

Images were analyzed using custom-made macros in ImageJ to ensure a consistent analysis. 

For osteocalcin, F-actin, and lamin A, z-stack images were summed and plotted. Regions of 

interest were selected to exclude artefacts and information from surrounding flat surface (for 

convex/concave structures). Background fluorescence from the chip was subtracted. The 

average signal intensity per cell was calculated by multiplying the pixel intensity values with the 

number of pixels that contain this intensity, divided by the total cell number. For the vinculin 

images, the background was subtracted, images were binarized and the number and areas of 

the focal adhesions were analyzed. Focal adhesions close to the nucleus (Figure 3C) were 

analyzed in a circular area of 405 µm² around the center of the nucleus. 

 

3.3.7 Statistical Analysis  

The Kruskal-Wallis test was used to assess differences between concave, convex and flat 

surfaces and Dunn’s test was performed for pairwise multiple comparison.   
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3.4  Results and Discussion 

 

3.4.1  Concave and convex surfaces induce different hBMSC migration modes 

 

Cell culture substrates were designed containing convex and concave spherical structures with 

diameters ranging from 250 µm (principle curvature (κ) =1/125 µm-1), which is 2-3 times the 

size of hBMSCs in a spread state, to 750 µm (κ=1/375 µm-1), notably larger than cell size. Cell 

culture chips were produced by stereolithography using a poly(trimethylene carbonate) 

(PTMC)-based resin. This method was chosen since it permits the fabrication of versatile 3D 

structures for a future implementation into more complex biomaterial designs [149].  

Stereolithography was proven to be suitable for the production of 2.5D substrates with specific 

geometrical features, confirmed by scanning electron microscopy images (Figure 3.1A).  

Substrates were homogeneously seeded with fluorescently stained hBMSCs and cell migration 

was observed up to 24 hours using time lapse multiphoton microscopy (Figure 3.1B,C). 

According to microscopic evaluation, hBMSCs were distributed evenly on the PTMC chip 

surface without showing regions of cell accumulation. The mean migration speed of the 

individually tracked cells on the different structures is shown in Figure 3.2A. Cell migration 

speed on concave spherical surfaces (�̅�cell = 3.7±0.2 nm/s) was significantly higher than on 

convex (v̅cell = 2.8±0.3 nm/s) structures and flat surfaces (v̅cell = 2.7±0.3 nm/s) (Figure 3.2A). 

No significant difference was found between different curvature magnitudes (Figure S3.1, 

Supplementary Information).  

  



 Chapter 3 

 

44 
 

 

Figure 3.1 Setup used to investigate curvature-dependent cell behavior. (A) Scanning electron 

microscopy image of the cell culture chip showing flat, convex, and concave spherical surfaces. (B) 

Experimental microscope setup for time lapse and immunohistochemistry imaging. The chip was placed 

on the glass window of a custom-made culture dish with the structures facing downwards. (C) 3D image 

stacks were recorded using an inverted confocal/multiphoton microscope. 

These results are in agreement with a study of Park et al., who showed that mouse fibroblasts 

move significantly faster in concave pits with a diameter of 200 µm and a depth of 50 µm 

compared to flat surfaces [137]. In further agreement with our findings, cell speed on convex 

posts was not significantly different from flat surfaces. In the mentioned study however, both 

the time lapse experiments and the immunohistological data were recorded as 2D images. 

Therefore, information about the details of cell movement and attachment was missing. In our 

study, z-stack time lapse recordings of migrating cells provided 3D information on the cellular 

attachment-morphology during migration on the differently curved surfaces. This allowed us 

to gain a better understanding in the mechanism that causes the significant difference in 

migration speed between concave and convex substrates. The time lapse sequences revealed 

distinct migration regimes on convex and concave structures. Cells on convex structures 

showed a typical 2D mesenchymal migration behavior; protrusion of the leading edge, cell 

body translocation and retraction of the rear [14]. The constant repetition of this migration 

cycle results in a relatively constant migration speed over time. In contrast, cells on concave 

structures formed long, thin cell body extensions reaching over a large free spanning distance 

and attached at a small surface area located far from the center of the cell (Figure 3.2B,C). A 

closer look at subsequent time frames revealed a two phase extend-and-pull movement: 1) the 

formation of a cell body extension with a remarkable increase in length spanning over the 

concave pit and rather slow movement of the cell body and 2) a pull of the cell body over the 

pit towards the adhesion point of the cell extension together with a dramatically increased 

speed of cell body movement (Figure 3.2B and Movie 3.1, Supplementary Information). This 

remarkable adhesion and translocation strategy resulted in a fast but twitchy cell migration.  
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Figure 3.2 hBMSC migration speed is increased on concave compared to flat and convex surfaces. (A) 

Quantification of hBMSC migration speed on flat, concave and convex surfaces over 24 hours shown as 

mean +/- 95% confidence interval. *** P<0.001. (B) Projections of subsequent z-stack images of a time 

lapse recording of migrating cells on a convex spherical structure (top) and in a concave spherical 

structure (bottom) with κ=1/175 μm-1 in top view and side view. The yellow arrow highlights a cell 

showing a typical migration mode on convex or concave structures, respectively. Note the flat cell 

morphology on convex structures and the slow but constant displacement, while in concave structures 

cells form long and thin extensions over the concave pit followed by a large displacement of the cell 

body. Scale bar 100 µm. (C) Schematic representation of the observed migration regimes of cells in 

convex (top) and concave (bottom) spherical structures. Cells on convex structures showed a typical 2D 

mesenchymal migration behavior, while cells on concave surfaces adapted a spider-like conformation 

which is characterized by long cell extensions spanning over a large free space followed by fast cell body 

displacement.  
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3.4.2  Cell-substrate contact area explains hBMSC migration behavior on curved surfaces 

 

Confocal microscopy of immunohistochemically stained cells allowed us to study cell 

morphology on the spherical surfaces in more detail and in 3D. Substrate curvature had a 

strong influence on cell attachment to the surface. In concave spherical structures the cell body 

was pulled upwards, minimizing the contact area with the substrate. Consequently, concave 

arc-like cell contours with strong actin filaments were observed between the well-separated 

individual adhesion points (Figure 3.3A). A similar arced cell contour with strong actin 

filaments was found in previous studies, where microprinted islands on a 2D surface were used 

to create specific adhesive and non-adhesive areas to restrict cell adhesion to distinct points 

[144,150]. An inwardly-curved cell contour was observed between the attachment points which 

could be explained by a physical model. In this model surface tension pulls the cell membrane 

inwards to decrease the cell’s surface area and the counteracting forces developed by the 

cytoskeleton maintain the cell shape by exhibiting strong tensioned actin filaments [150]. It is 

surprising that we see a similar effect on concave 3D substrates since here, in contrast to 

distinct adhesive points on a 2D surface, cells had the possibility to adhere to the entire surface 

area. However, we found that due to the extra dimension, cells on concave spherical surfaces 

stretched upwards in the z-direction in addition to the x-y-stretching on flat 2D surfaces. 

Through this mechanism, the contact area between the cell and the surface was reduced to 

distinct adhesion points at the periphery of the cell (Figure 3.3D and Movie 3.2, 

Supplementary Information). The mean migration speed was higher on concave than on 

convex curvatures for all studied curvature magnitudes (Figure S.3.1, Supplementary 

Information). The differences between the mean migration speed on convex and concave 

structures was variable between the different curvature magnitudes, however, no correlation 

was found between the curvature magnitude and the migration speed. The uplifting cell 

morphology was observed in the concave spherical pits of all sizes. This suggests that if the 

concave curvature magnitude exceeds a certain threshold, that is below the smallest curvature 

of κ=1/375 µm-1, the cell reduces the contact area to the substrate and stretches upwards. The 

reduction in cell-substrate contact area as soon as the cell lifts off the surface could explain the 

limited influence of the curvature magnitude on the migration speed. Surprisingly, the analysis 

of vinculin, a focal adhesion protein, showed no significant difference in the total amount and 

size of focal adhesions per cell on the different structures (Figure 3.3B). However, in 3D 

reconstructed confocal images of cells on concave spherical surfaces, focal adhesions were 

found mostly in the periphery of the cell at the ends of arc-like actin filaments. The 

quantification of focal adhesions in the vicinity of the nucleus revealed a significantly lower 

number of focal adhesions on concave compared to convex and flat surfaces (Figure 3.3C), 

confirming that the center of the cell body tends to be detached from concave surfaces. In this 

morphology, the cell body extensions could move freely and fast over the concave surface by 

continuous remodeling of the adhesion points associated with the above described increased 

cell motility (Movie 3.1, Supplementary Information).  
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Figure 3.3 Curvature driven alterations in cell attachment. (A) Representative immunohistochemical 

images of vinculin (green) identifying focal adhesions, F-actin (red) and nuclei (blue) for hBMSCs on 

concave and convex spherical surfaces (κ= 1/175 μm-1) and a flat surface after 2 days in expansion 

medium. Scale bar 50 µm. (B) Number of total amount of focal adhesions (FAs) per cell, divided into 

different focal adhesion size classes. (C) Number of focal adhesions per cell near the nucleus for the same 

focal adhesion size classes as in (B). No significant differences were found in the total amount and size of 

focal adhesions per cell on the different structures. However, near the nucleus a significant lower number 

of focal adhesions (size > 0.1 µm2) was found in cells in concave surfaces. Mean +/- 95% confidence 

interval. * P<0.05, ** P<0.01. (D) 3D reconstruction of immunohistological stained cells (F-actin in red, 

FAs in green and nuclei in blue) on a concave and convex surface. Cells on concave surfaces showed an 

upward stretched cell morphology where a substantial part of the cell body is not attached to the surface. 

Cells on convex surfaces were fully attached to the surface.   
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Taken together, 3D observations of the cell-substrate interactions on spherical surfaces 

revealed a difference in cell attachment on convex and concave surfaces that can explain the 

distinct cell migration regimes on the curved surfaces. hBMSCs on concave surfaces adopt a 

spider-like morphology where the cell body is stretched upwards, away from the surface, while 

the extensions (“legs”) at the periphery of the cells remain attached to the walls of the concave 

surface. In contrast, cells on convex structures adopt a snail-like configuration with full contact 

to the substrate (Figure 3.3D). These observations are in accordance with the chord model 

presented by Bidan et al., that defines cells as tensile elements that are stretched upward 

between the focal adhesions on concave surfaces, while being pulled downward towards the 

surface on convex substrates [147]. While the cell body on concave surfaces only partially 

adopted the curvature of the surface by lifting away from it, cells on convex surfaces had to 

bend and adopt their shape to the curvature of the surface (Figure 3.3D and Movie 3.2-3.3, 

Supplementary Information). Consequently, on the convex surfaces, a larger contact area has 

to be remodeled for cell movement leading to a slower and more constant migration. On the 

contrary, the small contact area of the upward lifted cell could explain the twitchy extend-and-

pull migration regime on concave surfaces. 

 

3.4.3  Convex spherical surfaces induce osteogenic differentiation of hBMSCs 

 

Next, we asked whether the observed curvature-induced changes in cellular attachment 

morphology could also influence osteogenic differentiation. Bone-specific marker expression 

was analyzed by immunohistological quantification of osteocalcin in hBMSCs on the curved 

and flat surfaces. Additionally, the F-actin signal intensity was quantified since the filamentous 

polymerized actin network is an integral part of the cytoskeletal force generation machinery 

that is involved in cell shape induced stem cell differentiation [146]. Cells were cultured on the 

2.5D macro-topographic cell culture chips for 10 days in either expansion medium or 

osteogenic medium, then fixed and stained for actin filaments, osteocalcin and cell nuclei. As 

shown in Figure 3.4A,B, a strong osteocalcin signal was observed on convex structures. 

Interestingly, only a weak F-actin intensity was observed in cells on these convex structures, 

while cells that resided in concave structures showed a strong actin but low osteocalcin signal. 

This is in contrast to previous studies where a higher cytoskeletal tension, associated with a 

strong actin cytoskeleton, was shown to promote osteogenic differentiation [140,146]. The 

curvature of the transition region from flat to convex surface is highly concave and the region 

from flat to concave surface strongly convex. Cells therefore show opposing intensity levels in 

this transition region compared to cells on the spherical surface.  

Quantification of the intensity levels confirmed significantly higher levels of osteocalcin in cells 

cultured on convex spherical structures compared to flat and concave spherical structures, 

while cells on concave structures showed significantly higher F-actin levels (Figure 3.4C-F). 
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Figure 3.4 Surface curvature affects the F-actin cytoskeleton and osteocalcin levels in hBMSCs. (A-B) 

Representative immunohistochemical images of osteocalcin in hBMSCs on a concave (A) and convex (B) 

spherical surface (κ= 1/175 μm-1) after 10 days in osteogenic medium (osteocalcin in green, nuclei in 

blue, F-actin in red). Scale bar 100 μm. Dashed lines highlight the contour of the spherical surface. (C-D) 

Quantification of osteocalcin intensity/cell for different curvatures κ (mm-1) shown as mean values of all 

concave/convex surfaces (bar charts) and for the individual curvatures investigated (point charts). After 

10 days in expansion medium (C) and osteogenic medium (D) significant higher levels on convex 

spherical surfaces compared to flat and concave surfaces were revealed. (E-F) Quantified F-actin 

intensity/cell levels were highest on concave spherical surfaces after 10 days in expansion medium (E) 

and osteogenic medium (F). Mean +/- standard deviation. * P<0.05, ** P <0.01, *** P<0.001.  
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In previous studies, 2D adhesive patterns of different sizes, shapes or aspect ratios have been 

used to demonstrate how stem cell differentiation is influenced by the shape of either 

individual cells or multicellular structures [136,140,146]. The results presented here show that 

3D substrate geometries of equal size and shape but of opposite curvature (convex vs. 

concave) can also have a significant influence of osteogenic marker expression. Furthermore, 

the promoting effect of convex curvatures on the osteocalcin intensity was observed both in 

cells cultured in expansion medium and in osteogenic medium. This is remarkable since it 

indicates that substrate geometries with features larger than the cell size can promote 

osteogenic differentiation of hBMSCs, even in the absence of osteogenic growth factors. In 

addition to the difference between convex and concave surfaces, both F-actin and osteocalcin 

intensity levels increased with increasing curvature. Although these differences between the 

curvature magnitudes were not statistically significant, the trend indicates that cells can also 

sense and respond to the magnitude of curvature.  

 

3.4.4  Convex surfaces induce nuclear compression and associated higher lamin A levels 

 

In previous studies, a larger contact area has been correlated with a higher number of focal 

adhesions per cell and demonstrated to promote osteogenic differentiation via RhoA mediated 

actin-myosin generated tension [146,151]. This, however, does not explain our observations 

where osteogenic differentiation was higher on convex structures compared to flat and 

concave structures: The number of focal adhesions per cell did not differ significantly between 

convex and flat structures (Figure 3.3B) and the F-actin signal was even lower on convex 

compared to concave surfaces (Figure 3.4E,F). However, we observed that the bent cell 

morphology on convex structures had a strong effect on the shape of the nucleus. Cell nuclei 

were flattened and stretched over the convex surface, in some cells even resulting in a bean-like 

nucleus morphology. Individual fibers of the perinuclear actin cap applied a sufficiently strong 

push-force on the nucleus to indent into the nuclear membrane resulting in a grooved 

membrane surface (Figure 3.5A,B). On flat surfaces cell nuclei were flattened but showed a 

rather smooth membrane while on concave structures no pronounced deformation and almost 

spheroidal nuclei were observed.  

Immunohistochemical staining of lamin A was performed to obtain a deeper insight in the 

mechanical response of the nucleus to this curvature-driven deformation. Figure 3.5C shows 

representative confocal images of lamin A expression on flat, concave and convex spherical 

surfaces. Quantification of signal intensity revealed 2.5x higher lamin A levels on convex 

compared to concave surfaces and 1.4x higher values in cells on convex compared to flat 

surfaces (Figure 3.5D). The higher lamin A levels and observed indentation of actin stress 

fibers in the nuclear membrane suggest that high intracellular tensions are exerted on the nuclei 

of cells on convex surfaces.  



Surface curvature differentially regulates stem cell migration and differentiation  

 

51 

 

 

Figure 3.5 Curvature induced cytoskeletal tension affects nucleus morphology and lamin A levels. (A-C) 

Representative immunohistochemical images of lamin A (green), F-actin (red) and nuclei (blue) in 

hBMSCs on concave and convex spherical surfaces (κ= 1/175 μm-1) and a flat surface after 10 days 

culture in expansion medium. F-actin bundles cross over and indent into the nucleus on convex spherical 

surfaces (A) creating grooves in the nuclear membrane (B). Cell nuclei were flattened but without grooves 

on flat surfaces and the nuclei of cells on concave surfaces presented a round morphology. Cells on 

convex structures showed highest lamin A levels in immunohistological staining (C) verified by 

quantification of lamin A signal intensity shown as mean +/- 95% confidence interval. ** P <0.01, *** 

P<0.001 (D). Scale bar in (C) 50 µm. (E) Schematic representation of the cytoskeletal forces acting on the 

nucleus (F-actin in red, lamin A in green). Cytoskeletal tension creates a push force on convex spherical 

surfaces leading to compression and deformation of the nucleus. A cytoskeletal pull force on concave 

surfaces (see also Figure 3.6) leads to a relatively low exposure of the nucleus to cytoskeletal forces 

resulting in a rounded nucleus shape and low lamin A levels.  

Lamins are proteins at the inside of the nuclear membrane that have a substantial influence on 

the elastic modulus and viscosity of the nucleus [103]. They are mechanically coupled to the 
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actin stress fibers through LINC (linkers of nucleoskeleton and cytoskeleton) complexes and 

have been proposed to be involved in protecting the chromatin cargo of the nucleus against 

forces acting from outside via the cytoskeleton on the nuclear membrane [98,152]. Recent 

studies have provided evidence that actin stress fibers can exert a compressive load on the 

nucleus on 2D substrates. Cells comprised with a perinuclear actin cap were shown to transmit 

intracellular tension to the nucleus which provided a driving force for lamin A/C and 

acetylated histones concentration at the apical side of the nucleus. On the contrary, cells that 

do not form an actin cap or cells with a disrupted actin cap did not show this spatial polarized 

distribution of nuclear lamia and transcription-active domains in the nucleus [98]. 

Furthermore, 2D patterned substrates of various aspect ratios were used to observe the effect 

of cell shape on the interplay between actin cytoskeleton and nucleus. An increase in aspect 

ratio resulted in the formation of distinct apical stress fibers which indented in the nuclear 

membrane and not only decreased the nuclear height but also provided stability in nuclear 

positioning and controlled heterochromatin assembly [80]. Cells cultured on 2D micropatterns 

of various shapes, sizes and aspect ratios showed differential changes in gene-expression 

profiles, which were preceded by geometry-dependent changes in nuclear morphology and 

histone acetylation [95]. Increased lamin A levels were reported in stiff tissues and in cells 

cultured on stiff artificial substrates and it was shown that this nuclear stress-protection was 

associated with an osteogenic cell fate [103]. Interestingly, a genomics approach study revealed 

that substrate-topography related gene regulation tends to occur at the telomeric ends of the 

chromosomes, where osteogenic genes are clustered, rather than in the centromeric region. 

Mechanical alterations of the nuclear envelope might thus have a direct mechanical control 

over osteogenic gene regulation via telomeric chromatin-lamin interactions [153]. Together, the 

results of these studies suggest that substrate stiffness and 2D substrate geometries can affect 

gene-expression profiles as a result of increased cytoskeletal tension transmitted towards the 

nucleus by actin stress fibers. Our results show that in addition to substrate stiffness and 2D 

geometry, surface curvature is a further relevant parameter that can change the stress fiber 

forces on the nucleus, nucleus morphology and associated changes in lamin A expression. The 

schematic illustration in Figure 3.5E shows the suggested mechanism how cell tension creates a 

pushing force against the rigid substrate on convex spherical geometries while a pulling force is 

created on concave ones – with obvious consequences for the nucleus. Such a push-pull 

mechanism was already presented by Delanoë-Ayari and coworkers for flat surfaces [154]. It 

describes that tensile cytoskeletal (pull) forces pointing from the focal adhesions towards the 

cell’s center create significant downward orientated compressive (push) forces at the nucleus 

[154,155]. On very soft materials this rather leads to a deformation of the substrate than of the 

nucleus (see [154,155] for detailed explanation). However, on materials that are significantly 

stiffer than the nucleus, as it is the case in our study (PTMC: 6 MPa, nucleus: 1-5 kPa 

[156,157]), the substrate does not deform and the nucleus deforms under the vertical push-

force.   

Thus, our data suggests that substrate curvature can induce changes in the 3D force patterns 

acting on the nucleus in adhering cells and thereby influence cellular differentiation. This 

mechanism seems to enable the cell to sense even small convex curvatures (curvature radii > 
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cell size) and to discriminate between convex, flat and concave surfaces. It furthermore offers 

an explanation for the here observed induction of osteogenic differentiation on convex 

surfaces.  

It has to be mentioned that other factors might influence cell behavior on differently curved 

surfaces. For example, cell adhesion is known to be influenced by the material’s surface energy 

and the resulting surface tension at the liquid-solid interface. The magnitude of surface 

curvature and the difference between concave, flat, and convex surfaces might additionally 

influence cell adhesion as a consequence of altered wettability. However, the highly 

comparable cell morphology that was observed on flat vs. convex surfaces indicates that such 

effects are rather small and that the observed distinct attachment patterns are indeed mediated 

by the cytoskeletal-tension and the resulting pull or push force. Furthermore, cytoskeletal 

push-forces on convex surfaces might also be accompanied by an increase of hydrostatic 

pressure inside the cell therefore influencing cell behavior (e.g. signaling events) either directly 

or via the outflow of water and the reduction of cell volume [158,159]. Further studies are 

necessary to clarify the role of hydrostatic and osmotic pressure on cells in dependency of 

surface curvature. 

The schematic representation in Figure 3.6 summarizes the proposed geometry-induced 

changes in cellular attachment and nuclear response leading to increased lamin A levels on 

convex surfaces. These new insights are of relevance since 3D curvature is a tissue-specific 

feature of the extracellular matrix but also an important material parameter in all porous 

biomaterials. A better understanding of the mechanisms involved in curvature-sensation will 

help to implement curvature more successfully as a parameter to guide cell behavior in tissue 

regeneration.  
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Figure 3.6 Schematic representation of the proposed geometry-induced changes in cellular attachment 

and forces on the nucleus for flat, concave and convex surfaces. Nuclei are depicted in blue, F-actin in 

red and focal adhesions in green. In cells on concave surfaces, cytoskeletal forces result in an upward pull 

force away from the substrate. The cell body is lifted away from the surface and remains attached only at 

distinct adhesion points while the nucleus is not exposed to severe cytoskeletal forces. In cells attached to 

convex spherical surfaces, cytoskeletal forces create a large push forces towards the surface leading to 

compression and deformation of the nucleus. The mechanical forces on the nucleus induce high lamin A 

levels and promote osteogenic differentiation. As a consequence of the limited vertical extension of the 

cell, only a small push force is acting on the nucleus on flat surfaces. 

 

3.5  Conclusions 

 
In the present study, we systematically investigated the influence of 3D surface curvature on 

cell and nucleus morphology and the subsequent effect on the migratory and differentiation 

behavior of hBMSCs. Cells on concave spherical surfaces stretched upwards, while cells on 

convex spherical surfaces were in full contact with the curved substrate and nuclei were 

flattened and deformed by the indenting actin cytoskeleton. Cells migrated significantly faster 

on concave spherical surfaces compared to flat and convex spherical surfaces as a consequence 

of a reduced contact between the cell and the material surface. In contrast, cells on convex 

surfaces showed a significantly higher intensity of the osteogenic marker osteocalcin indicating 

that cytoskeletal forces acting on the nucleus enhanced osteogenic differentiation. These 

observations indicate that the difference in cell attachment morphology caused by 3D substrate 

curvatures can modulate the cytoskeletal forces acting on the nucleus. 3D substrate curvature 

might thus be considered as a further cue to influence stem cell fate via mechanical control 

mechanisms. Based on these new insights of how geometrical signals influence cell behavior, 

our findings might contribute to a better understanding of mechanical control mechanisms in 

the interaction of cells with their extracellular environment. Such knowledge is expected to 
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play an essential role in the development of future cell-instructive biomaterial strategies. The 

incorporation of spatially controlled surface curvature as a material design parameter could 

provide an easy but potentially powerful tool for enhanced tissue regeneration.  
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Supplementary Information  

 

 

 

Figure S3.1 Mean hBMSC migration speed on various curvature magnitudes. The mean hBMSC 

migration speed over 24 hours on a flat surface and on concave and convex spherical surfaces of various 

curvature magnitudes. Mean ±  95% confidence interval. 

 

Supplementary movies are available at: 

https://onlinelibrary.wiley.com/doi/full/10.1002/advs.201600347   

Movie 3.1 Time lapse recording of migrating hBMSCs.  

 

Movie 3.2 hBMSCs adopt a spider-like morphology on concave spherical surfaces.  

 

Movie 3.3 hBMSCs adopt a snail-like morphology on convex spherical surfaces.  
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4.1 Abstract  

 
Adherent cells residing within tissues or biomaterials are presented with three-dimensional 

geometrical cues from their environment, often in the form of local surface curvatures. While 

there is growing evidence that cellular decision-making is influenced by substrate curvature, the 

effect of physiologically-relevant anisotropic curvatures (i.e., direction-dependent) larger than 

the size of the cell remains poorly understood. This study systematically explores the migration 

behavior of human bone marrow stromal cells (hBMSCs) on a library of anisotropic curved 

structures. Analysis of cell trajectories reveals that, on convex cylindrical structures, hBMSC 

migration speed and persistence are strongly affected by the cellular orientation on the curved 

structure, while migration on concave cylindrical structures is characterized by fast but non-

aligned and non-persistent migration. Concurrent presentation of concave and convex 

substrates on toroidal structures induces migration in the direction where hBMSCs can most 

effectively avoid cell bending. The distinct migration behavior in terms of  migration speed, 

persistence and direction on concave and convex anisotropic curved substrates can be 

demonstrably explained by the cell-perceived substrate curvature, which on anisotropic curved 

structures is dependent on temporally-varying cell orientation and the cellular morphology. 

This work demonstrates that cell migration is dynamically guided by the perceived curvature of 

the underlying substrate, providing an important biomaterial design parameter for instructing 

cell migration in tissue engineering and regenerative medicine. 

 

4.2  Introduction 

 
In the body, cells migrate through the extracellular matrix, whose microstructure defines 

physical boundary conditions for various vital cell activities, including cell migration. It is well 

established that cell migration is influenced by topographical cues from the environment 

[59,63,160,161]. In vitro experiments using protein tracks and micro-/nano-fabricated grooves 

and ridges have convincingly demonstrated that the migration of adherent cells is guided by 

anisotropic topographical features (i.e. structures with different geometric properties in 

different directions) of the substrate—a phenomenon termed ‘contact guidance’ 

[84,88,108,127,162,163]. Such studies have yielded important insights into the fundamental 

mechanisms underlying cell migration, which contribute towards our understanding of 

morphogenesis and disease development, such as in cancer metastasis [39,164]. However, in 

many cases, pre-existing structures in tissues and organs present an architecture that is not 

captured by the abovementioned two-dimensional approaches, for example in the form of 

collagen fiber bundles, blood vessel walls, and cavities [124,125,165]. These structures are 

typically characterized by mesoscale (i.e., ~100 μm to mm) surface curvatures. Such curved 

surfaces are also often encountered by cells in implanted biomaterials and scaffolds for tissue 

engineering, in which cell migration and infiltration into the constructs is a crucial step for the 

success of the intervention [9].  
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The profound effect of surface curvatures on cell behavior has only started to be appreciated. 

Park et al. observed that, on PDMS membranes with concave or convex spherical structures, 

cells actively migrate out of concave pits but attach and proliferate on convex structures [137]. 

In the previous chapter, we demonstrated that human bone marrow stromal cells (hBMSCs) 

exhibit different attachment morphologies on convex and concave spherical substrates. 

Convex spherical substrates force the cells to adopt a bent shape, inducing a compressive 

pressure by the actin cytoskeleton on the nucleus. On the other hand, cells on concave 

spherical surfaces lift their bodies upwards, minimizing the contact area with the substrate and 

nucleus compression. Furthermore, cell migration speed was found to be significantly higher 

on concave spherical surfaces than on convex spherical surfaces (chapter 3) [82]. On sphere-

with-skirt surfaces (i.e. a convex spherical cap, surrounded by a concave draping skirt), mouse 

embryonic fibroblasts were shown to primarily remain in the concave area of the substrate and 

migrate around the geometrical structure in the azimuthal direction [166].  Recently, these 

findings were further corroborated by Pieuchot et al. by plating cells on a substrate of a 

continuous landscape of spherical convex and concave topographies, demonstrating that the 

interplay between cell contractility and nuclear mechanics is responsible for active cell 

migration towards the concave valleys [106].  

Physiologically-relevant structures typically contain anisotropic surface curvatures, both convex 

(e.g., matrix and scaffold fibers/studs) and concave (e.g., channel-like pores). Anisotropic 

geometrical structures generally have unequal curvatures in different directions as is also 

commonly encountered in tissue engineering scaffolds (see Figure 2.1, chapter 2). In the case of 

convex cylindrical structures, fibroblasts and smooth muscle cells have been shown to orient 

towards the longitudinal axis of the cylinders, i.e., the direction of minimal curvature [108,111]. 

While these early findings start to uncover the importance of considering anisotropic substrate 

curvatures, how they translate to cell migration behavior on concave anisotropic structures or 

even more complex geometries encountered in tissues and biomaterial scaffolds remains 

unknown.  

In this chapter, we address this outstanding gap by investigating the migration dynamics of 

hBMSCs on a library of anisotropic concave and convex structures with systematically varying 

dimensions. Cell migration trajectories reveal distinct migration modes that are universally 

determined by the sign and magnitude of the ‘cell-perceived’ substrate curvature. Moreover, 

the cells dynamically adjust their migration mode to avoid cell bending due to substrate 

curvature, but apply different strategies to do so on concave and convex surfaces. The findings 

are relevant for understanding cell organization in complex geometric environments and can 

inspire new strategies for the geometrical design of scaffolds for tissue engineering, especially 

for guiding cell migration.   
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4.3  Materials and Methods 

4.3.1 Design and production of cell culture chips 

Cell culture chips containing curved structures were created with polydimethylsiloxane 

(PDMS) using a molding process. We designed chip molds using computer-aided design 

software (Rhinoceros 3D, McNeel Europe). The chip molds were produced in glass slides by 

FEMTOPrint (Muzzano, Switzerland). The chips contain convex and concave semi cylindrical 

structures with diameters d = 250, 350, 500, 750, 1000 µm (corresponding to principal 

curvatures in the circumferential direction κ = 2/d = 1/125, 1/175, 1/250, 1/375, 1/500 

µm−1) and a length of 1 mm, as well as the saddle point of torus structures with a 

circumferential diameter of 750 µm. Concave surfaces are defined with a negative curvature; 

convex surfaces with a positive curvature. The chip mold was exposed to 

tridecafluoro(1,1,2,2,tetrahydrooctyl)trichlorosilane vapor (abcr GmbH) to facilitate smooth 

removal of PDMS from the mold. PDMS (Sylgard® 184, Dow Corning) was cast on the mold 

and cured overnight at 65°C. After unmolding, a thin additional PDMS layer was applied on 

the chip to ensure a smooth surface [83]. A droplet of PDMS was applied on the chip which 

was spread to a thin layer on the chip using pressurized air flow. The chip was subsequently 

cured for 3 h at 65 °C. Cell culture chips were exposed to O2 plasma and coated with 50 µg/ml 

bovine fibronectin (tebu-bio) for 1.5 h prior to cell seeding. 

 

4.3.2 hBMSC culture 

hBMSCs were cultured in expansion medium consisting of Dulbecco’s modified Eagle’s 

medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum (Biochrom GmbH), 1% 

penicillin/streptomycin (Biochrom GmbH) and 1% L-glutamine (glutaMAX, Invitrogen). 

When a confluency of 80% was reached, cells were trypsinized, stained in suspension with 10 

µM CellTracker Green (Life Technologies) and seeded on the fibronectin-coated chip at a 

density of 3∙104 cells/ml. Cells were cultured on the chips for 3 hours at 37°C and 5% CO2 to 

allow for cell adhesion before the start of the time-lapse imaging.  

 

4.3.3 Time-lapse imaging of migrating cells 

The chip with the attached cells was transferred to a microscopy dish and placed on a Leica 

TCS SP5 microscope equipped with an incubator chamber that allowed for long-term imaging 

at 37°C and 5% CO2. Cells were imaged with a 20×, 0.7 NA objective, and a white-light laser 

(Supercontinuum Fiber Laser, Leica) at an excitation wavelength of 488 nm. Multiple 

cylindrical structures (17 convex and 17 concave) and 3 flat areas on the chip were imaged 

using a motorized stage. Z-stacks of the top areas of the cylinders (approx. 40% of the radius 

of the cylinder) were recorded with 3 µm z-spacing every 45 min for 48 hours.  
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4.3.4 Cell migration analysis 

The cells were tracked using ImageJ plugin MtrackJ [167], yielding the 3D trajectories r𝑖(𝑡) ≡

{𝑥𝑖(𝑡), 𝑦𝑖(𝑡), 𝑧𝑖(𝑡)} of cells as a function of time 𝑡 for each detected cell 𝑖 = 1,2,⋯ , 𝑛, where 

𝑛 ≥ 26 in each experimental group (i.e., each substrate structure). As a measure of the 

migration anisotropy, we use the ratio dx/dy as an anisotropy index, where dx and dy are 

defined as the largest distance covered by the cell in the x- and y-directions, respectively. The 

x-axis was defined as the longitudinal axis of the cylinders, whereas the y-axis was defined as 

the horizontal direction perpendicular to the cylinder axis. Migration speed was calculated 

𝑣(𝑡) = |dr(𝑡)| 𝑑𝑡⁄ , where dr(𝑡) = r(𝑡 + 1) − r(𝑡) and 𝑑𝑡 denotes the timeframe interval. 

The time-dependent migration orientation θ was calculated as 𝜃(𝑡) = cos−1(d�̃�(𝑡) |d�̃�(𝑡)|⁄ ), 

where d�̃�(𝑡) denotes the projected displacement vector on the x-y plane. A track segment is 

considered to be ‘aligned’ when |𝜃| < 30° and ‘non-aligned’ otherwise. Turn angle was 

calculated as 𝑑𝜃(𝑡) = 𝜃(𝑡 + 1) − 𝜃(𝑡). A track segment is considered to be ‘persistent’ when 

|𝑑𝜃(𝑡) − 𝑑𝜃(𝑡 − 1)| < 30°. Persistence time tp was defined as the duration over which 

persistent migration is maintained. To statistically assess the trajectory evolution, we 

constructed probabilistic kymographs of the cell states using segmental trajectory analysis as 

described previously for analysis of peptide conformational dynamics [168]. Briefly, from the 

ensemble trajectories, segments were selected on the basis of migration features of interest 

(e.g., migration direction) and were considered as independent starting points in the analysis, 

thus effectively segmenting the trajectories into shorter experiments, all starting with a state of 

interest. The dynamics subsequent to this particular state were then analyzed by averaging the 

parameter of interest as a function of elapsed time ∆𝑡. All trajectory analyses were performed 

using a custom-written script in MATLAB (The Mathworks Inc.). 

 

4.3.5 Live imaging of the F-actin cytoskeleton 

Cells were seeded on the fibronectin coated cell culture chip and 100 nM SiR-actin dye 

(Spirochrome) was added to the medium. Cells were incubated with the dye overnight. The cell 

culture chip was transferred to a microscopy dish filled with fresh culture medium + 100 nM 

SiR-actin dye. Actin dynamics in hBMSCs migrating on concave cylindrical surfaces, convex 

cylindrical surfaces, and flat surfaces were imaged at 37°C and 5% CO2 using a Leica TCS SP5 

microscope with a 20×, 0.7 NA objective with 1.5 digital zoom and a white light laser set at an 

excitation wavelength of 652 nm. Z-stacks of 3 µm z-spacing were recorded every 20 min for 

24 hours.  

 

4.3.6 Immunohistochemistry 

hBMSCs were seeded on a fibronectin-coated chip and cultured for 24 hours. Cells were then 

fixed in 3.7% formaldehyde and stained for F-actin with phalloidin (Phalloidin–Atto 488, 

Sigma-Aldrich). F-actin fiber orientation was quantified using the OrientationJ plug-in 
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(Biomedical Imaging Group, Ecole Polytechnique Federale de Lausanne, Switzerland, 

http://bigwww.epfl.ch/demo/orientation/) in ImageJ. For each experimental group, 3 images 

were analyzed. 

 

4.3.7 Statistical analysis 

 Unless otherwise stated in the figure legend, the data presented here are expressed as mean ± 

95% confidence interval. The numbers of cells or samples analyzed are indicated in the figure 

legends. Non-parametric Kruskal-Wallis test with Dunn’s multiple comparison posthoc test 

was performed using Prism (GraphPad) or MATLAB to assess differences in the migration 

parameters between the concave and convex surfaces, the cylindrical surfaces of different sizes, 

and the migration directions. P values < 0.05 were considered significant. 

 

4.4  Results and Discussion 

 

4.4.1  hBMSC migration direction, persistence, and speed on anisotropic curved structures are 

affected by the sign and magnitude of substrate curvature 

 

To systematically study the effect of anisotropic substrate curvature on cell migration, we 

microfabricated a PDMS chip containing arrays of convex and concave semi cylindrical 

structures with diameters (d) ranging from 250 to 1000 μm, corresponding to principal 

curvatures κ of ±1/125 to ±1/500 µm−1 (negative sign for concave; positive for convex). 

hBMSCs were seeded on these chips for 3 h and their three-dimensional migration on the 

structures was followed using time-lapse confocal microscopy for 48 h. A remarkable 

difference in the migration behavior of the cells was observed on convex and concave 

cylindrical surfaces (Movie 4.1 and 4.2, Supplementary Information). The movies and 

migration tracks showed that, on concave cylindrical surfaces, the cells frequently changed 

migration direction and the overall migration pattern showed no angular preference (Figure 

4.1A). In contrast, cell migration on convex cylindrical surfaces was persistently directed along 

the longitudinal axis of the cylinder (Figure 4.1B). To quantify this anisotropic migration, we 

calculated an anisotropy index dx/dy: the ratio of migration distance in the longitudinal (x) and 

circumferential (y) directions of the cylinders [83]. Consistent with our qualitative observations, 

on convex surfaces dx/dy exceeds 1 on all cylinder sizes, indicating an anisotropic migration 

towards the longitudinal cylinder axis. In contrast, dx/dy on concave structures and flat 

surfaces is close to 1, indicating isotropic migration (Figure 4.1C). Importantly, dx/dy 

depended not only on the sign of curvature (convex vs. concave) but also on the magnitude of 

the principal curvature κ on convex surfaces. Migration anisotropy increased with increasing κ 

and reached dx/dy ≈ 6 on the most curved convex cylinders (κ = 1/125 µm−1). No significant 
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difference in migration directionality was found on concave cylindrical surfaces compared to 

on flat surfaces, irrespective of the cylinder size. 

 

 

Figure 4.1 hBMSCs migration on cylindrical surfaces. Migration tracks of hBMSC migration on (A) 

concave and (B) convex cylindrical structures with diameters d of 250 - 1000 µm (corresponding to |κ| = 

1/125 - 1/500 µm−1), as seen from the top (in the x-y plane). Tracks of different cells (n ≥ 26 per 

experimental group) are depicted by different colors. Scale bar = 100 µm. (C) Anisotropy index dx/dy, as 

calculated from the ratio of cell migration along the longitudinal (dx) and circumferential directions (dy) 

on convex and concave cylindrical surfaces as well as on control flat surfaces. (D) The duration a cell 

persistently migrates in the same direction, and (E) the migration speed, as analyzed from the migration 

tracks. Data are shown as mean ± 95% confidence interval (n ≥ 26 per experimental group), where *, ** 

and *** indicate a significant difference between values on convex and concave cylinders of the same 

diameter and #, ## and ### indicate a significant difference in comparison to flat surfaces (P < 0.05, P 

< 0.01, and P < 0.001, respectively). 

The second characteristic difference between cell migration on concave and convex cylindrical 

surfaces that we observed is that hBMSCs migrate more persistently on convex surfaces 

(Movie 4.1 and 4.2, Supplementary Information). To quantify the migration persistence, we 

calculated the persistence time tp, i.e., the duration a cell continues to migrate in a certain 

direction (see Methods). Indeed, tp was significantly higher in cells migrating on convex 

cylindrical surfaces compared to those on concave cylindrical surfaces (Figure 4.1D). 

Remarkably, the magnitude of κ affected tp on both concave and convex cylindrical surfaces, 

but in opposite trends. Persistence time increased with decreasing d (i.e., increasing κ) on 
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convex cylindrical surfaces (blue bars, Figure 4.1D), whereas it decreased with decreasing d (i.e., 

increasing |κ|) on concave cylindrical surfaces (red bars, Figure 4.1D). This indicates that 

convex surfaces are increasingly ‘guiding’ while concave surfaces are increasingly ‘non-guiding’ 

with increasing |κ|. Compared to the situation on flat surfaces (κ = 0, tp ≈ 2.2±0.1 h), cells 

changed migration direction significantly more frequently (tp ≈ 1.8 h) on highly-curved concave 

cylinders (κ = −1/125 and −1/175 µm−1). 

Migration persistence has been shown to universally correlate with cell migration speed v for 

various cell types in 2D and 3D in vitro as well as in vivo situations [169]. This correlation was 

argued to arise from the advection of polarity cues and actin flows that mediate cell 

polarization and migration. In contrast to this described correlation, in our experiments we 

found that v was consistently higher on concave cylindrical surfaces (i.e., where tp is low) than 

on convex cylindrical surfaces and on flat surfaces (i.e., where migration is more persistent) 

(Figure 4.1E). In addition, on convex surfaces v was constant regardless of κ, while tp increased 

with increasing κ. These findings suggest that curved substrates provoke the cells to adopt 

fundamentally different migration modes, resulting in an apparent violation of the previously 

reported persistence–speed correlation. 

 

4.4.2  Direction-dependent perceived curvature affects cell migration orientation on convex, but not 

on concave cylindrical substrates 

 

On cylindrical substrates, the curvature that the cell perceives, k, is dependent on the cellular 

orientation on the cylinder, θ (see schematic illustration in Figure 4.2). For cylindrical 

structures, k(d,θ) is given by k = sin2(θ)/(d/2). This direction-dependent perceived curvature k 

is zero along the longitudinal axis of the cylinder (θ = 0°) for both concave and convex 

structures. However, when the cell is oriented perpendicular to the longitudinal axis (i.e., in the 

circumferential direction of the cylinder), the perceived curvature of the cell equals the 

principal curvature of the cylinder (i.e., as |θ| → 90°, k → κ). To better understand the cells’ 

adhesion strategy when presented with such direction-dependent substrate curvature, we 

examined their orientation with respect to the cylinder orientation and F-actin organization. 

Cells on convex surfaces elongated and aligned along the longitudinal axis of the cylinder 

(Figure 4.2D,E). This effect becomes increasingly pronounced with decreasing cylinder sizes 

(or increasing κ). This positive-curvature-mediated cell alignment can be explained by the cells’ 

aversion to bending [83]. It was proposed before in a mechanical model that cells with mature 

stress fibers orient themselves in a direction of least curvature to avoid bending of stress fibers 

[109,110]. On convex cylindrical surfaces, cells try to minimize cell bending by aligning (and 

migrating) in the θ = 0° direction, where k = 0. This curvature-avoidance behavior is therefore 

expected to be dependent on |κ|, as cells would increasingly try to remain aligned in the k = 0 

direction with increasing κ. Indeed, the highest directionality (dx/dy) and persistence (tp) were 
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seen on the smallest cylinders (Figure 4.1C,D). Time-lapse movies demonstrated that the cells 

showed the typical extension and contraction dynamics, characteristic of lamellipodia-mediated 

mesenchymal migration on 2D surfaces [14], in a persistent manner along the longitudinal 

cylinder axis (Movie 4.3, Supplementary Information). In this situation, the cells can be 

expected to follow the previously reported correlation between migration speed and 

persistence [169]. 

On concave cylindrical surfaces, in theory cells have two options for avoiding bending: they 

can either align in the longitudinal direction (θ = 0), similar to what they do on convex 

surfaces, or they can make use of the unconstrained open space in the third dimension (z) by 

lifting their bodies off of the substrate and stretching upwards, like what they do on concave 

spherical pits (as shown in chapter 3) [82]. As shown in Figure 4.2C, hBMSCs preferred the 

latter strategy: they arched off the concave surfaces, with limited contact area with the 

substrate. Similar detachment and upward stretching on concave surfaces has been shown for 

single smooth muscle cells and smooth muscle cell sheets [170,171]. In mouse embryonic 

fibroblasts it was shown that apical stress fibers avoid bending by lifting away from the surface 

and bridge over a concave area of a curved surface [166]. This implies that the curvature that 

cells perceive is additionally influenced by the attachment morphology on concave substrates. 

Moreover, the upward lifting of the cell body did not happen in a preferred direction, thus 

leading to a random orientation (Figure 4.2A,B) and an isotropic migration trajectory (Figure 

4.1C). Indeed, we observed that the cells stretched with long, thin cell-extensions in various 

directions that resulted in non-persistent, undirected cell migration behavior (Movie 4.4, 

Supporting Information). Another important consequence is that the cell–substrate contact 

area is reduced to distinct adhesion points at the periphery of the cell, similar to the adhesion 

morphology previously reported in spherical pits (chapter 3) [82]. This could promote faster 

remodeling of the cytoskeleton and focal adhesions [172], and thus faster migration [82]. This 

unique coping mechanism may therefore explain the significantly lower tp on concave 

cylindrical surfaces compared to on convex surfaces (Figure 4.1D), despite the higher 

migration speed (Figure 4.1E). 
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Figure 4.2 hBMSCs orientation and morphology on concave and convex cylindrical surfaces. 

Distributions of F-actin fiber orientation, where 0° indicates the longitudinal direction of the cylinders 

and representative immunofluorescence images of cells showing F-actin staining on (A,B) concave and 

(D,E) convex cylindrical substrates of varying principal curvatures κ. Scale bar = 100 µm. Dashed lines 

indicate the contour of the cylindrical surfaces. Data are shown as mean ± standard deviation (n = 3 

images per experimental group, n > 38 cells per experimental group). (C) An example side-view image of 

a cell on a concave cylinder (d = 250 μm).   
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4.4.3  hBMSCs adjust their migration speed in direct response to the temporally-varying cell-

perceived substrate curvature  

 

Since the perceived substrate curvature k is likely to continuously vary along the migration 

trajectories of the cells, it becomes necessary to analyze each cell track in greater detail. The 

migration tracks were analyzed from time-lapse movies where the centroids of cells were 

detected at every timeframe and tracked. By analyzing the change in position coordinates 

between the frames, we extracted the instantaneous migration speed v(t), direction θ(t), and 

turn angle of every migration track segment of all cell tracks (see Methods). On flat surfaces, 

the ensemble distribution of migration direction θ was constant, indicating that cells do not 

show a preferred orientation. The ensemble distribution of migration speed v was similarly 

unaffected by θ (Figure 4.3A), as expected for completely isotropic behavior. On convex 

cylinders v was strongly affected by θ: speed was significantly reduced when the migration was 

directed away from the longitudinal axis of the cylinder (Figure 4.3C and Figure S4.1, 

Supplementary Information). On concave cylinders, cells did not show a dominant migration 

direction like on flat surfaces, but v seemed to be slightly higher at directions around |θ| = 90° 

(Figure 4.3B and Figure S4.1, Supplementary Information). 

To parameterize this direction-dependence, we classified the track segments to be ‘aligned’ 

when θ lies within 30° from 0° (i.e., in the direction where k ≈ 0) and ‘non-aligned’ otherwise. 

This classification revealed diametrically opposite migration behaviors on convex (κ > 0) and 

concave (κ < 0) surfaces: on convex cylinders the ensemble-averaged speed �̅� was significantly 

higher when migration was aligned than when non-aligned, whereas on concave cylinders �̅� 

was significantly higher when non-aligned instead (Figure 4.3D). Three important observations 

are particularly illuminating. First, on convex surfaces �̅�aligned (i.e., in the direction where k ≈ 0) 

was relatively constant regardless of κ, but �̅�non-aligned decreased with increasing κ (and therefore 

k). This is a clear indication that cells sense and respond to the perceived, direction-dependent 

substrate curvature on convex cylindrical surfaces. Second, �̅�non-aligned on concave surfaces was 

constant regardless of κ, but was significantly higher than �̅�non-aligned on convex surfaces of the 

same |κ| (Figure 4.3D). Third, �̅�aligned on convex surfaces was higher compared to both, �̅� on 

flat and �̅�aligned on concave surfaces. The former comparison (�̅�aligned on convex vs �̅� on flat) is 

consistent with the idea that v is correlated with migration persistence [169], as the cells migrate 

more persistently on convex than on flat surfaces (Figure 4.1D), but the latter comparison 

(�̅�aligned on convex vs �̅�aligned on concave) again corroborates distinct migration modes on 

convex and concave surfaces. 
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Figure 4.3 Direction-dependent hBMSCs migration speed on cylindrical surfaces. The migration speed 

of every track segment is plotted against the respective migration direction on (A) flat surfaces, (B) 

concave cylindrical structures with d = 500 µm (corresponding to κ = −1/250 µm−1), and (C) convex 

cylindrical structures with d = 500 µm (corresponding to κ = 1/250 µm−1). The left panels show the 

ensemble probability distribution functions (PDF) of the migration direction, with 0° and ±180° 

indicating the longitudinal direction of the cylinders and ±90° indicating the circumferential direction of 

the cylinders. See Figure S4.1 (Supplementary Information) for the complete analysis for all cylinder 

diameters (d = 250‒1000 µm). (D) Average migration speeds when the cells are aligned (yellow triangles) 

and when non-aligned (green circles) for varying cylinder principal curvatures κ (κ < 0: concave; κ > 0: 

convex). A track segment is classified as ‘aligned’ when the instantaneous migration direction θ lies within 

30° from 0° or from ±180° and ‘non-aligned’ otherwise. Data are shown as mean ± 95% confidence 

interval, where *, ** and *** indicate a significant difference between �̅�aligned and �̅�non-aligned, #, ## and 

### indicate a significant difference in comparison to flat surfaces (P < 0.05, P < 0.01, and P < 0.001, 

respectively). (E) Mean speed as a function of the perceived curvature k. The cell migration speeds of the 

track segments on concave cylinders, convex cylinders, and flat surfaces (each condition indicated by 

different colors) follow a master relation, showing a negative correlation with the perceived curvature k, 

as shown by the black trend line and the associated equation. 

 

To conclusively test whether cell migration speed depends on the perceived curvature k, we 

binned the cell track segments according to θ and plotted the mean speed per bin as a function 

of the direction-dependent perceived curvature k in Figure 4.3E. The ensemble data for all 

concave and convex cylinders as well as flat surfaces coincided into a master relation, 

characterized by a negative linear dependency between migration speed and the perceived 

substrate curvature k in the range of −0.005 < k < 0.005 µm−1. This remarkable universality 

demonstrates that the various migration modes of cells on curved surfaces are driven by the 

perceived substrate curvature k.  
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Since on cylindrical surfaces k varies with migration direction, we then asked whether this 

implies that cells continually probe the substrate curvature and ‘update’ their migration mode 

accordingly. To test this hypothesis, we constructed heat maps of the migration speed vs. 

direction and checked whether individual cell trajectories explore the whole accessible phase 

space or stay within a narrow window. We indeed found that cells sampled a wide range of the 

speed vs. direction phase space (a representative sampling from one randomly picked cell is 

shown in Figure S4.2, Supplementary Information), indicating that cells dynamically adjust 

their migration behavior depending on k. 

 

4.4.4  Migration persistence depends on cell migration direction on convex cylindrical substrates  

 

Having established that the instantaneous migration speed is strongly dependent on the 

direction-dependent perceived curvature, we next investigated whether migration persistence is 

similarly dependent on the migration direction. To separate these two parameters, we 

examined the migration distance during the persistent (p) and non-persistent (np) phases along 

the longitudinal (dx) and circumferential directions (dy) (see also the schematic illustration in 

Figure 4.1C). If migration persistence is independent of direction, then the ratio dxp/dxnp 

should be close or identical to dyp/dynp, as is the case for flat surfaces (κ = 0 in Figure 4.4A). 

Interestingly, we found that on convex cylinders (κ > 0) the directionality of the migration 

during the persistent phases was strongly enhanced with respect to the non-persistent phases, 

but only in the longitudinal direction (dxp/dxnp) and not in the circumferential direction 

(dyp/dynp) (Figure 4.4A). This indicates that migration persistence is promoted on convex 

cylindrical surfaces along the cylinder axis. In contrast, on concave cylinders (κ < 0) there was 

a slight, statistically insignificant increase in the y-direction (i.e., non-aligned direction) during 

the persistent phases (dyp/dynp). To further define the link between migration direction and 

persistence, we quantified the relative durations that the cells spend in persistent vs. non-

persistent and aligned vs. non-aligned phases and their residence times in these phases. As 

shown in Figure 4.4B and Figure S4.3 (Supplementary Information), large positive κ increases 

the likelihood that a cell migrates in a persistent and aligned manner. On the other hand, large 

negative κ is associated with dominantly non-persistent migration and non-aligned migration 

during the rare persistent phases. These results indicate that the principal curvature of the 

cylindrical substrates affects both migration persistence and alignment. Together, these 

findings suggest that the likelihood to change the direction of migration on convex cylindrical 

surfaces might in fact be dependent on the perceived curvature k by the cell.  

To test this hypothesis, we performed a probabilistic analysis of the turn angles as a function 

of migration direction (Figure S4.4, Supplementary Information). The result confirmed that 

when cells migrated along the longitudinal axis of the convex cylinders, there was a higher 

likelihood that the cells continued to migrate in that direction (i.e., low turn angle), leading to a 

higher migration persistence than when the cells migrate along other directions. This direction-
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dependent migration mode was not observed on concave cylinders and on flat substrates. To 

check how this propensity of turning affects migration persistence over time, we constructed 

probabilistic kymographs from the ensemble trajectories given specified starting conditions 

(see Methods). The analysis shows that on concave cylindrical structures the migration 

persistence was constant across all migration directions (Figure S4.5A,D, Supplementary 

Information), likely because the cells lifted upwards and adopted a morphology with limited 

adhesion to the curved substrates. In contrast, on convex cylinders, the duration over which 

migration direction was maintained was direction-dependent: persistence time is higher when 

cells are aligned than when cells are non-aligned (Figure S4.5C,F, Supplementary Information). 

These findings demonstrate that migration persistence is affected by the perceived substrate 

curvature k. 

 

 

Figure 4.4 Migration persistence of hBMSCs on cylindrical surfaces depended on cell orientation. (A) 

The ratio between migration distance in x- and y-directions (dx and dy, respectively) during the persistent 

(p) and non-persistent (np) phases of the migration trajectories, on cylindrical substrates of varying 

principal curvatures κ. Data are shown as mean ± 95% confidence interval, where *, ** and *** indicate a 

significant difference between dxp/dxnp and dyp/dynp and #, ## and ###  indicate a significant 

difference in comparison to flat surfaces (P < 0.05, P < 0.01, and P < 0.001, respectively). (B) The 

relative durations of the various phases of migration phenotypes. 

 

Our results show that the distinct attachment morphologies on concave and convex cylindrical 

substrates have a substantial and non-trivial effect on the migration direction, persistence, and 

speed of cells on these substrates. It is worth noting that our experimental results are in direct 

contrast to the findings of a recently-proposed computational model, which predicted more 

persistent migration on concave cylinders compared to on convex cylinders [173], likely 

because these distinct attachment strategies were not accounted for. In the model, concave 

surfaces provide a constrained geometry that facilitates cell protrusion forces along the 

longitudinal axis and therefore a more persistent migration on concave surfaces. However, the 
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model assumes that the cell body remains attached to the curved surface and therefore does 

not take into account the upward stretching of the cells, which we show here to play a crucial 

role in hBMSC adhesion and migration on concave structures. 

It is tempting to speculate that other cell types with phenotypes comparable to hBMSCs, such 

as fibroblasts [174], may behave similarly. Vascular smooth muscle cells were for instance 

shown to lift their cell body upward on concave structures  in a single cell (in microwells and 

microgrooves, radii (r) = 50, 75, 100, 125 µm) [170] as well as multi-cell sheet configuration (in 

microchannels, r = 150, 250, 500 µm) [175]. It is important to note, however, that other cell 

types might behave differently. For example, there is evidence that endothelial cells, which 

naturally line the lumen of cavities and vessels in the body with a cortical cytoskeleton and thin 

stress fibers, remain fully adhered to concave surfaces (r = 50, 75, 100, 125 µm) [170]. 

Interestingly, endothelial cells have also been shown to circumferentially wrap around convex 

fibers with diameters ranging from 2  to 20 µm [176,177], rather than aligning in the 

longitudinal direction. T-lymphocytes, which exhibit amoeboid migration mode [178], also do 

not lift upwards on concave surfaces and have been shown to preferentially migrate in concave 

areas on a sinusoidal waved substrate (wavelength sinusoid 20, 40, 80, 160 µm, amplitude 10 

µm) [179]. Xi et al. demonstrated that epithelial Madin–Darby canine kidney cells (MDCK) can 

collectively migrate into concave microtubes (d = 25-250 µm)  and form tubular epithelial cell 

sheets inside the tubes [180]. Maechler et al. recently cultured MDCK and J3B1A, another 

epithelial cell type, in concave tubes (d = 269 ± 13 µm or 428 ± 24 µm). They showed that the 

monolayers of both cell lines detached from the tube, however the J3B1A monolayer detached 

at a slower rate than the MDCK monolayer. This detachment was driven by contractile 

stresses. The studies discussed above highlight that the cellular response towards substrate 

curvatures is highly dependent on the cell characteristics (such as size and contractility) and 

structure size and geometry. In this study, we solely focused on the singe cell migration 

behavior of hBMSCs. The experimental platform presented here provides an ideal platform to 

systematically study the response of many different cell types as well as different cell densities 

towards a wide variety of substrate curvatures in the future. It remains to be investigated 

whether the insights obtained from our results can be used to explain the directed cell 

migration along curved structures in vivo, for example in the context of endothelialization, 

wound healing, and cancer cell invasion. Our study reveals the importance of considering 

feature sizes in understanding cell adhesion and migration responses. It was shown before that 

hBMSCs align along microgrooves smaller than their size [181–183], whereas here we 

demonstrate that hBMSCs exhibit undirected cell orientation and migration on concave 

cylindrical surfaces larger than their size. It is plausible that when the microgrooves are smaller 

than the cell size, cells align due to contact-guidance response, but when the concave substrate 

exceeds a certain diameter they can lift upwards and migrate with no preferential direction. 
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4.4.5  hBMSCs dynamically adjust their migration direction in response to anisotropic substrate 

curvature  

 

In this chapter, we have so far focused on fiber- or tube-like cylindrical structures, where k ≥ 0 

(convex) or k ≤ 0 (concave), more complex geometries in scaffolds can concurrently present 

both positive and negative curvatures to the cells [51,184,185]. Thus, we next studied 

structures that contain both convex and concave surfaces in different directions. We seeded 

hBMSCs on the saddle point of a torus ring with a diameter of 750 µm. In this structure, k = 

−κ (concave) when θ = 0°, and k = +κ (convex) when θ = ±90° (Figure 4.5A). Here cells have 

the option to migrate over the hill in the convex direction (k > 0), move diagonally over the 

structure, span upwards in the concave direction (k < 0), or any other state in between. We 

observed that both the cell’s orientation (Figure 4.5B) and migration (Figure 4.5C) were 

primarily directed over the concave gap of the torus. Comparison between the migration data 

on the torus with that on concave and convex cylinders of the same diameter (d = 750 µm) 

showed that the migration anisotropy index dx/dy on the torus is in between the indexes on 

concave and convex cylinders. On torus structures the anisotropy index was significantly 

higher than that on concave cylinders (Figure 4.5D). The migration persistence tp on the torus 

resembled that on convex cylinders and was significantly higher than that on concave cylinders 

(Figure 4.5E). This suggests that cells turn away from the convex direction and orient and 

migrate in the concave direction of the saddle point.  

We note that the average migration speed of the complete cell tracks is not significantly 

different on torus structures as compared to concave and convex cylindrical structures (Figure 

4.5F). Since the curvature that the cell perceives on the torus-saddle structure can change from 

concave to convex depending on the cellular orientation, we questioned whether the migration 

speed is also direction-dependent on torus structures. To test this, we classified the track 

segments as ‘concave’ when θ lies within 30° from 0°, ‘convex’ when θ lies within 30° from 

±90°, and ‘non-aligned’ otherwise. We found that the speed �̅�concave is larger than �̅�non-aligned, 

which is larger than �̅�convex on torus structures (Figure 4.5F, in green). Furthermore, �̅�concave on 

torus is comparable to �̅�concave on concave cylinders of the same κ (k = −1/375 μm−1, i.e. 

speed of the track segments directed in the concave direction (θ = ±90°)), and �̅�convex on torus 

is comparable to �̅�convex on cylinders of the same κ (k = 1/375 μm−1, i.e. speed of the track 

segments directed in the convex direction (θ = ±90°)). These are in agreement with the k-

dependence we observed on cylindrical surfaces (Figure 4.3E) and therefore corroborate the 

generality of the distinct migration modes on curved substrates. We also found that each cell 

trajectory on torus structures samples the complete speed vs. direction phase space (Figure 

S4.6, Supplementary Information), again demonstrating that cells dynamically adjust their 

migration mode depending on k. 
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Figure 4.5 hBMSC organization and migration on a torus structure. (A) The inside of a torus is convex 

in one direction (here in the vertical direction) and concave in the perpendicular direction (horizontal 

direction), while the magnitude of the principal curvatures is equal. (B) hBMSCs stretched over de 

concave well of the torus (d torus ring = 750 µm, corresponding to |κ| = 1/375 µm−1), F-actin in grey. 

Scale bar = 100 µm. Dashed lines indicate the contour of the imaged toroidal surface. Please note that 

only the center area around the central saddle point is displayed here. (C) Migration tracks of hBMSC 

migration on a torus structure (d = 750), as seen from the top (in the x-y plane). Tracks of different cells 

(n = 27) are depicted by different colors. Scale bar = 100 µm. (D) Migration directionality, (E) 

persistence, and (F) speed analyzed from the complete migration tracks on convex cylinders, concave 

cylinders and torus (d = 750 µm, n > 27 cells, on all geometries). Data are shown as mean ± 95% 

confidence interval. (G) Direction-dependent migration speed on torus and cylindrical structures (d = 750 

µm). All migration track segments on the torus structures were categorized and classified as ‘concave’ (θ  

lies within 30° from 0° or from ±180°), ‘convex’ (θ lies within 30° from ±90°), and ‘non-aligned’ 

otherwise. The average speed of the categorized track segments on the torus structures is shown in green 

and compared to the average migration speed of track segments directed in the θ = ±90° direction on 

concave (in red) and convex (in blue) cylindrical structures. Data are shown as mean ± 95% confidence 

interval (n ≥ 27 per experimental group), where *, ** and *** indicate a significant difference between 

groups (P < 0.05, P < 0.01, and P < 0.001, respectively). 

  



 Chapter 4 

 

74 
 

4.5  Conclusion 

 
Prior works indicated that cells are able to sense isotropic substrate curvatures (e.g. on 

spherical structures) and make functional decisions (e.g., differentiation, migration) accordingly 

[82,106,137]. The current study discovers that such ability to sense substrate curvature on 

anisotropic structures leads to a substantial difference in migration behavior in terms of 

direction, persistence and speed. Moreover, the migration mode in each instance is dynamically 

governed by the substrate curvature that is perceived by the cell. This fundamental insight not 

only corroborates previously-described cell behaviors on isotropic curved geometries, but also 

explains cell behaviors on complex anisotropic structures and can help us better predict cell 

response in physiologically-relevant 3D in vitro and in vivo environments. Furthermore, this 

might offer new strategies for the informed structural design of cell-instructive features that 

control cell recruitment into porous implantable biomaterials.     

On convex cylindrical substrates, the curvature that the cells perceive constantly varies along 

the migration trajectories and depends on the principal curvature of the cylinder and the 

migration direction. Both migration speed and persistence are dynamically adapted in response 

to this direction-dependent perceived curvature. Minimization of bending of the cell body on 

convex cylindrical substrates leads to cell alignment in the uncurved, longitudinal direction. 

Deviation from this direction forces the cell to adapt to a more bent configuration, which is 

accompanied by a lower migration speed and which drives the cell to turn back towards the 

uncurved longitudinal direction. Overall, the continuous dynamic adjustment of cell migration 

towards to direction of least curvature results in a persistent and directed migration behavior 

along the convex cylinder axis. On the other hand, on concave cylindrical surfaces, an 

additional parameter plays a role in how cells perceive the substrate curvature. Cells lift their 

cell body upwards, off the substrate, to effectively minimize bending of the cell body that is 

otherwise enforced by the curvature of the substrate. Since cells can avoid the substrate 

curvature irrespective of their orientation on the cylinder, a directive orientation cue is absent 

on concave cylindrical substrates. This coping mechanism results in a migration mode 

characterized by fast but undirected and low-persistence migration. These distinct migration 

modes therefore reveal a separation between migration speed and persistence that appears only 

in the presence of mesoscale substrate curvature (i.e., not in previously studied migration on 

2D substrates). On geometrical structures that contain both convex and concave curvatures in 

orthogonal directions, migration speed was direction-dependent and cells orient in the 

direction where they can most effectively avoid bending. Thus, curvature-guided migration is 

not initiated by a preference for a certain substrate curvature (i.e., preference-driven), instead it 

is avoidance-driven as cells migrate in the direction where they can most effectively avoid the 

substrate curvature. Together, these findings highlight that the substrate curvature that cells 

experience on anisotropic geometries is highly affected by the cellular orientation and 

attachment morphology.  
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Supplementary Information 

 

 

Figure S4.1 Direction-dependent migration of cells on concave and convex cylinders of various sizes. 

The scatter plots show the distributions of cell migration speed of the individual tracks segments as a 

function of the instantaneous migration direction on concave (left, red) or convex (right, blue) cylindrical 

structures of different principal curvatures (κ). The probability distribution functions (PDF) of the 

migration direction in each case are shown to the left of the scatter plots. On concave cylinders, there is 

no dominant migration direction but cell speed is generally higher at migration directions of around ±90°. 

On convex cylinders, cell migration is predominantly oriented along 0° (and  ± 180°), and this is 

accompanied by higher migration speed compared to that at other migration directions. As a control, the 

plots for flat substrates are also shown (bottom, gray), indicating the absence of any direction 

dependence. 
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Figure S4.2 Representative data of instantaneous speed vs. direction of a single cell trajectory (symbols), 

plotted on the probability heat map of all cells on a convex cylinder of diameter 500 μm, showing that the 

cell explores the complete phase space during the trajectory. The right panel shows the corresponding 

migration track in the x-y plane. 

 

 

 

Figure S4.3 The residence time of cells in various migration modes on concave and convex cylinders of 

various sizes. The cell migration track segments were classified as ‘aligned’, ‘not-aligned’, ‘persistent’, and 

‘non-persistent’, based on their migration direction and turn angle (see Methods in the main text for the 

classification criteria). Error bars represent 95% confidence interval.  The average residence time in each 

category, i.e., the average time that a cell remains in a particular migration mode, was calculated and 

plotted as a function of the principal curvature κ of the substrate. Note that residence time is not the 

same as the relative duration as shown in Figure 4.4B in the main text, which reports the likelihood that a 

cell is found in a particular migration mode but does not contain information about how long it persists 

in that migration mode. The data show that convex cylinders induce cells to remain in the ‘aligned, 

persistent’ migration mode for longer times but do not affect the length of other migration modes. By 

contrast, concave cylinders induce cells to remain in the ‘non-aligned’ migration mode for comparatively 

longer times than in the ‘aligned’ mode, both when the cells are migrating persistently and non-

persistently. 
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Figure S4.4 Direction-dependent turning probability of cells on concave and convex cylinders of various 

sizes. The probability of turn angles in the subsequent track segment is computed as a function of the 

migration direction of each individual track segment and shown as probability density plots. The turn 

angles are normalized for each binned migration direction, and the probability value is indicated by the 
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color map. On concave cylinders (left, red) and flat substrates (bottom, gray), low turn angles have higher 

probability than high turn angles, demonstrating some degree of cell migration persistence as expected, 

and no obvious direction-dependence can be observed. In contrast, on convex cylinders (right, blue), the 

distribution of turn angles is direction-dependent. At migration directions of 0° or 180°, turn angle is 

likely to be low, again indicating migration persistence. However, at other migration directions low turn 

angles are increasingly unlikely with decreasing cylinder size, as the cells tend to turn with higher angles, 

suggesting that migration persistence is affected by substrate curvature. 

 

 

Figure S4.5 Direction-dependent cell migration persistence. Probabilistic kymographs for cell migration 

direction 𝜃 on (A,D) concave cylinders of diameter 500 μm, (B,E) flat substrates, and (C,F) convex 

cylinders of diameter 500 μm. The selected starting conditions are either (A–C) aligned migration mode 

(|𝜃| < 30°) or (D–F) non-aligned migration mode (|𝜃 − 90°| < 30°), as indicated by the left-most data 

(i.e., at ∆𝑡 = 0) in the density plots. The ensemble probability of migration direction after a time interval 

of ∆𝑡 from the starting conditions was calculated, normalized, and plotted in the kymographs, with the 

probability value indicated by the color map. On flat and concave substrates, migration persistence seems 

independent from the migration direction. On convex substrates, migration persistence is highly 

direction-dependent: an aligned migration mode is maintained over extended periods (C), whereas a non-

aligned migration mode is almost always immediately lost. Cells in a non-aligned migration mode 

(|𝜃 − 90°| < 30°) turn towards an aligned migration mode (|𝜃| < 30°) (F). 
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Figure S4.6 Representative data of instantaneous speed vs. direction of a single cell trajectory (symbols), 

plotted on the probability heat map of all cells on the saddle point of a torus structure d = 750 μm, 

showing that the cell explores the complete phase space during the trajectory. 

 

Supplementary movies are available at: 

https://www.dropbox.com/sh/ngx14u3lnmbarwf/AAC_bQzz--YufCQ_HdOYPqH1a?dl=0  

 

Movie 4.1 Maximum projection of a time lapse recording of hBMSCs (stained with 10 µM CellTracker 

Green) in a concave cylindrical substrate (d = 250 µm). Z-stacks with 3 µm z-spacing were recorded 

every 45 min for 48 hours.  

 

Movie 4.2 Maximum projection of a time lapse recording of hBMSCs (stained with 10 µM CellTracker 

Green)  in a convex cylindrical substrate (d = 250 µm). Z-stacks with 3 µm z-spacing were recorded every 

45 min for 48 hours.  

 

Movie 4.3 Maximum projection of a time lapse recording of hBMSCs (stained with 100 nM SiR-actin to 

visualize the actin dynamics) in a convex cylindrical substrate (d = 250 µm). Z-stacks with 3 µm z-spacing 

were recorded every 20 min for 24 hours.  

 

Movie 4.4 Maximum projection of a time lapse recording of hBMSCs (stained with 100 nM SiR-actin to 

visualize the actin dynamics) in a concave cylindrical substrate (d = 250 µm). Z-stacks with 3 µm z-

spacing were recorded every 20 min for 24 hours. 
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5. Mesoscale substrate curvature overrules 

nanoscale contact guidance to direct bone 

marrow stromal cell migration 

The research described in this chapter has been published: 
M. Werner, N. A. Kurniawan, G. Korus, C. V. C. Bouten, A. Petersen, Mesoscale substrate 
curvature overrules nanoscale contact guidance to direct bone marrow stromal cell migration, 
Journal of the Royal Society Interface, 2018 
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5.1 Abstract 

 
To understand how cells are able to sense and respond to complex structural environments, a 

deeper insight into the cellular response to multiscale and conflicting geometrical cues is 

needed. In this study, we subjected human bone marrow stromal cells (hBMSCs) to mesoscale 

cylindrical surfaces (diameter 250-5000 µm) and nanoscale collagen fibrils (diameter 100-200 

nm) that were aligned perpendicular to the cylinder axis. On flat surfaces and at low substrate 

curvatures (cylinder diameter d > 1000 µm) cell alignment and migration were governed by the 

nanoscale collagen fibrils, consistent with the contact guidance effect. With increasing surface 

curvature (decreasing cylinder diameter, d < 1000 µm), cells increasingly aligned and migrated 

along the cylinder axis, i.e., the direction of zero curvature. An increase in phosphorylated 

myosin light chain levels was observed with increasing substrate curvature, suggesting a link 

between substrate-induced cell bending and the F-actin-myosin machinery. Taken together, 

this work demonstrates that geometrical cues of up to 10x cell size can play a dominant role in 

directing hBMSC alignment and migration and that the effect of nanoscale contact guidance 

can even be overruled by mesoscale curvature guidance. 

 

5.2 Introduction 

 
In vivo, cells are subjected to a plethora of signals that can influence the migratory behavior 

[186]. Chemical gradients and mechanical cues are known to drive directed cell migration 

[37,186]. Furthermore, the physical properties of the environment can provide contact 

guidance cues, directing cell migration via the architecture of the extracellular matrix (ECM) or 

substrate topographies [60]. The spatial distribution of ECM proteins can provide anisotropic 

directional cues to cells, resulting in a directed cell movement. This phenomenon is for 

instance seen in embryo development, where the ECM components can regulate the migration 

of precursor cells via contact-mediated guidance [15,38]. ECM organization also plays an 

important role in pathologic situations. Aligned collagen fibers contribute to the invasion and 

metastasis of breast and pancreas carcinoma by providing guidance cues to carcinoma cell 

orientation and migration [39,88,164,187]. In this situation, cells migrate along nanometer-scale 

collagen fibrils or between micrometer-scale spaces in the matrix [88]. Moreover, cancer cells 

can also spread and migrate along larger pre-existing structures such as the external surface of 

blood vessels and myofibers [124,125,165].  

On the flip side, the effect of geometrical cues on cell migration provides an interesting 

opportunity for advancing tissue engineering. In particular, it opens a new attractive approach 

of exploiting the biomaterial’s structure, e.g. scaffold fiber organization or pore geometry, to 

guide cell infiltration and tissue organization directly without biochemical additives/attractants. 

Cell migration is of special importance for in situ tissue engineering approaches, where a cell-

free biomaterial scaffold is implanted [9,11]. Such approaches depend on the recruitment of 

cells into the biomaterial scaffold that ideally provides an environment supporting endogenous 
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healing cascades. Thus, the scaffold should provide a favorable environment for cell 

infiltration. In this context, aligned, cylinder-like scaffold fibers or struts could promote cell 

alignment and directed migration inside the scaffold. Indeed, we showed in chapter 4 that 

convex cylindrical structures can guide cell migration direction along the cylindrical axis. As 

discussed in chapter 2, advanced scaffold production techniques, especially additive 

manufacturing, provide the opportunity to fabricate scaffolds with complex, architectures [25]. 

Even hierarchical scaffolds can be produced that combine mesoscale and microscale 

geometrical features in one scaffold (see Figure 2.1D,E, chapter 2). The architecture of the 

scaffold can provide geometrical cues to the cells and can therefore be used as a cell-instructive 

parameter. However, a better understanding of how cells respond to a broad range of 

geometrical cues (e.g. of different length scales) is first needed to understand how cellular 

behavior can be influenced by the scaffold’s architecture.  

The cellular response to nano/micrometer-sized fibers, grooves, pillars and contact-printed 

lines has been well documented, demonstrating the role of contact guidance and topographical 

guidance by nano- and microscale geometrical features in cell migration 

[88,108,127,160,162,188–193]. Moreover, there is a growing body of evidence that cells can 

also respond to geometrical cues equal or even larger than cell size [82,83,111,138,147,194]. 

Taken together, these reports suggest that cells can respond to geometrical cues within a wide 

range of length scales. However, while the migration response to single geometrical cues has 

been extensively studied, very little is known about the cell response to multiple geometrical 

cues. Such knowledge, however, is needed for a better understanding of the interaction 

between cells and the ECM in homeostasis, disease or regeneration. Evidence is growing that 

the vessel adventitia representing a cylindrical geometry with diameters between 100 µm and 

several millimeters and a collagen-rich matrix serves as a niche for progenitor cells (adventitial 

cells, pericytes) [195,196]. The migration of these cells to the site of injury is regarded to play a 

significant role in tissue healing [197]. In the field of tissue engineering, biomaterial scaffolds 

produced by additive manufacturing processes like fused deposition modelling or selective 

laser sintering to support defect healing often feature cylindrical strut geometries with 

diameters of a few hundreds of micrometers [198]. To improve surface hydrophilicity and cell 

adhesion, coatings with biopolymers, e.g. collagen, are applied. In both examples, knowledge 

on how cells respond to multiple co-existing geometrical cues at different length scales is 

necessary to predict how cells will react to the complex geometrical situation in vivo.  

In this study, we explored the directional migratory response of hBMSCs to combined 

geometrical cues of distinct length scales. We deposited anisotropic and isotropic collagen fibril 

networks (100 - 200 nm diameter) on convex cylindrical surfaces (diameter 250 - 5000 µm) and 

studied the alignment and migration response of hBMSCs in the presence of multicue 

geometrical environments. Our findings indicate that hBMSC migration can be actively guided 

by substrate curvatures at length scales much bigger than the cell size, through a curvature 

avoidance mechanism.  We show, for the first time to our knowledge, that this effect can 

dominate the well-known nanoscale contact guidance effect, demonstrating that mesoscale 

geometry acts as an important cell-instructive matrix parameter. This is of relevance for the 
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design of biomaterials and for understanding the morphogenesis of tissues and organs that 

naturally contain curvatures, such as cysts, tubules, and vessels. 

 

5.3 Materials and Methods 

 

5.3.1 Design and production of cell culture chip  

Cell culture chips containing curved structures were fabricated from polydimethylsiloxane 

(PDMS) via a molding process. We designed the chip mold containing cylindrical structures 

using computer-aided design software (Rhinoceros 3D, McNeel Europe). The chip molds were 

produced in glass by FEMTOPrint (Muzzano, Switzerland). The chips contain convex semi 

cylinders with diameters of d = 250, 350, 500, 750, 1000, 2000 and 5000 µm and a length of 

1000 µm, surrounded by flat areas. The chip mold was exposed to 

tridecafluoro(1,1,2,2,tetrahydrooctyl)trichlorosilane in vapor-phase overnight to facilitate later 

removal of the PDMS chip from the mold. PDMS (Sylgard® 184, 1:10 ratio 

crosslinker:PDMS, Dow Corning) was cast into the mold and cured overnight at 65°C. After 

unmolding, a thin additional PDMS layer was applied on the chip to ensure a smooth surface. 

A droplet of PDMS was applied on the chip which was spread to a thin layer on the chip using 

pressurized air flow. The chip was subsequently cured for 3 h at 65 °C.  The structure of the 

chips was characterized by scanning electron microscopy (SEM, Tescan Mira 3 GMU) and the 

smoothness of the surface was visualized by optical profilometry (Sensofar optical 

profilometer).  

 

5.3.2 Preparation of fibrillar collagen coating  

We introduced a thin fibrillar collagen network on the chips by modifying a method previously 

described for flat substrates [199,200]. In particular, we created isotropic and anisotropic 

fibrillar collagen coatings on 2.5D curved surfaces. To prepare 1 ml neutralized solution of 0.3 

mg/ml bovine collagen I, 100 µl bovine collagen I (PureCol, Bovine Collagen Solution, Type I, 

3 mg/ml, Advanced Biomatrix), 875 µl 1x PBS, 12.5 µl 10x PBS and 12.5 µl 0.1 M NaOH were 

mixed. PDMS chips were incubated in the collagen I solution overnight at 37°C. Chips were 

subsequently washed in PBS to remove unbound excess collagen. Chips with an isotropic 

collagen coating were washed with milliQ water to remove the salts from the PBS solution and 

were placed in a clean, dry dish to air-dry at room temperature inside a safety cabinet. Chips 

with an anisotropic collagen coating were subjected to a continuous directed flow of PBS for 

approx. 1 min followed by a short continuous flow of milliQ water. Chips were then dried with 

a directed pressurized air flow. The flow of the PBS, milliQ water and air was all in the same 

direction, perpendicular to the axis of the cylindrical structures on the chip. Collagen fibrils 

adsorbed on the chips were stained with the native-collagen-binding protein CNA35 labelled 

with fluorescent dye Oregon Green 488 (CNA35-OG488) [201]. The fibrillar collagen coating 
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on each cylindrical structure was imaged and collagen orientation was analyzed using 

Mathematica (Wolfram, version 10) based on a method described previously [202]. Collagen 

fibril diameter was measured by atomic force microscopy (AFM, Bruker Bioscope Catalyst). 

 

5.3.3 hBMSC isolation and culture  

Bone marrow was obtained from human donors undergoing total hip joint replacements 

performed at Charité, Universitätsmedizin Berlin, Germany. BMSCs were isolated by density-

gradient separation using Histopaque-1077 (Sigma-Aldrich) and subsequent adhesion to tissue 

culture polystyrene. hBMSCs from one donor (49y, f) were used at passage 3-7. Cells were 

cultured in expansion medium consisting of Dulbecco’s modified Eagle’s medium (DMEM, 

Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS, Biochrom AG), 1% 

penicillin/streptomycin (Biochrom AG) and 1% L-glutamine (glutaMAX, Invitrogen).  

 

5.3.4 Migration experiments 

hBMSCs were stained in suspension with 10 µM CellTracker Green (Life Technologies) and 

seeded at a density of 3∙104 cells/ml on the chip. Time-lapse confocal microscopy was 

performed at 37˚C and 5% CO2 using a Leica TCS SP5 microscope equipped with an 

incubator chamber. A motorized x-y stage allowed the imaging of multiple cylindrical 

structures on the chip per experiment. Regions of interest were imaged with a 20x, 0.7 NA 

objective and a white light laser (Supercontinuum Fiber Laser, Leica) set at an excitation 

wavelength of 488 nm.  Z-stacks of 3 µm z-spacing were recorded every 45 min for 24 hours. 

Migration experiments were repeated on 6 individual chips with an anisotropic collagen coating 

and 4 individual chips with an isotropic collagen coating.  

 

5.3.5 Cell migration analysis  

Acquired 3D time-lapse images of the migration experiment were analyzed using ImageJ plugin 

MtrackJ [167]. The centers of in total 361 cells in the anisotropic fibrillar collagen group and 

341 cells in the isotropic fibrillar collagen group were tracked manually. A minimum of 30 cells 

per cylinder size were analyzed. The migration tracks were plotted with the ImageJ plugin 

Chemotaxis and Migration Tool 2.0 (Ibidi). The coverage in the x (dx) or y (dy) direction is 

defined as the largest distance covered by the cell in the x (along the cylindrical axis) and the y 

(perpendicular to the cylindrical axis) directions. Migration speed was analyzed from the data 

within 6h-24h from the start of the experiment. The speed was calculated as the scalar of the 

displacement vector between two images, divided by the timeframe interval. 

5.3.6 Immunohistochemistry  

Cell culture chips containing spherical and cylindrical surfaces with a diameter of 200, 300, 400, 

600, 800 and 1000 µm were used to study the F-actin cytoskeleton and phosphorylated myosin 
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light chain on curved surfaces. Three individual chips containing both spherical and cylindrical 

structures were coated with an isotropic collagen fibril network and hBMSCs were cultured on 

the chips for 24h. The samples were stained for F-actin (Phalloidin–Atto 647N, #65906, 

Sigma) and phosphorylated pS20 of human myosin light chain (#2480, Abcam). 

Immunohistologically stained chips were imaged using a Leica TCS SP5 microscope with a 

25x, 0.95 NA objective. Z-stacks were recorded at 2 µm z-spacing. Laser power and detector 

settings were kept constant during the imaging of the different samples.  

 

5.3.7 Data analysis of immunohistochemistry data  

Images were analyzed using custom-made macros in ImageJ. For phosphorylated myosin light 

chain and F-actin, 8 bit images of each z-stack were summed creating a 32 bit image. 

Background fluorescence from the chip was subtracted (same value for all chips). The average 

signal intensity per cell was calculated by summing the grey-scale intensity values of all image 

pixels, divided by the number of cell nuclei to obtain the intensity per cell. All values were 

normalized to the corresponding intensities of cells on flat surfaces. F-actin fiber orientation 

was quantified using the OrientationJ plug-in in ImageJ (Biomedical Imaging Group, Ecole 

Polytechnique Federale de Lausanne, Switzerland, http://bigwww.epfl.ch/demo/orientation/). 

For each group, 6 to 17 images were analyzed. The calculation of orientation-dependent 

surface curvature  on cylinders as presented in Figure 5.4H is provided in Figure S5.3 

(Supplementary Information).  

 

5.3.8 Statistical analysis 

Two-way ANOVA analysis with Bonferroni posthoc test was used to assess differences 

between the migration coverages in the x and y directions (dx and dy) and actin and 

phosphorylated myosin intensity values on the various cylindrical substrates. One-way 

ANOVA analysis with Bonferroni posthoc test was used to assess differences between 

migration speeds on the cylindrical surfaces. *P≤0.05.   
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5.4 Results 

 

5.4.1 Isotropic and anisotropic fibrillar collagen networks on 3D cylindrical substrates 

 

We produced cell culture substrates containing mesoscale cylinders (d = 250-5000 µm) and 

nanoscale collagen fibrils (d = 100-200 nm) (Figure 5.1A). The micromolding technique 

provided a simple and reproducible method to produce cell culture substrates with cylindrical 

structures (Figure 5.1F). Optical profilomety images confirmed that this approach allows the 

robust formation of smooth cylindrical structures with no gross imperfections or dents (Figure 

5.1G and Figure S5.1, Supplementary Information), as desired to prevent any potential 

nanoscale topographical cues aside from those from the collagen fibrils to be present for cell 

sensing. To expose the cells to nanoscale cues in combination with the mesoscale cues from 

the cylindrical structures, we added a fibrillar collagen coating on the cylinders. The thin, dense 

collagen network covered the complete surface of the cell culture chip and the density of the 

collagen fibril network on the different cylindrical substrates was uniform (Figure 5.1B,D and 

Figure S5.2, Supplementary Information). Analysis of the orientation of the collagen fibrils 

showed that air drying resulted in an isotropic collagen fibril network (Figure 5.1E), whereas 

exposure to directed fluid and air flow reproducibly produced the intended aligned collagen 

fibril network in the circumferential direction on the curved surfaces (Figure 5.1C). AFM 

measurements indicated that the collagen fibril diameters were in the range of 100-200 nm, 

consistent with data previously reported [199]. This experimental approach allowed us to 

systematically study the influence of combined mesoscale and nanoscale geometrical cues on 

cell behavior. 
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Figure 5.1 Migratory response of hBMSCs to combined mesoscale and nanoscale geometrical cues was 

studied on cylindrical surfaces (d = 250-5000 µm) coated with thin collagen fibril networks (A). Collagen 

I fibrils were deposited on the curved cylindrical surfaces to create an anisotropic (B,C) or isotropic (D,E) 

fibrillar collagen coating. Scale bar = 20 µm. Collagen fibril orientation was reproducible as shown from 

the orientation histogram displaying the orientation of collagen fibrils on 5 independent cylindrical 

surfaces (d=500 µm, error bars = standard deviation). SEM image of cell culture chip produced from 

PDMS showing cylindrical surfaces with diameters of 350, 500, 750 µm (F). Representative profilometry 

surface profile of the smooth curved PDMS surfaces (G). 

 

5.4.2 Mesoscale curvature guidance can dominate nanoscale contact guidance 

 

We used this fibril-on-cylinder chip as a platform to investigate the combinatorial effect of 

multiple geometrical cues on cell migration. Figure 5.2 shows the migration tracks and images 

of cells on cylindrical surfaces with isotropic (Figure 5.2A,B) and anisotropic (Figure 5.2C,D) 

collagen fibrils. The images and migration trajectories show a correlation between cell 

alignment and migration direction. hBMSCs on isotropically-coated surfaces increasingly align 

and migrate towards the cylinder axis as the cylinder diameter decreases (Figure 5.2A,B). On 

the substrates with anisotropic fibrillar collagen, hBMSCs predominantly followed the 

directional nanoscale cues of the anisotropic collagen nanofibrils on flat surfaces and large 

cylindrical surfaces (d ≥ 2000 µm). Directed migration along aligned collagen fibrils was 

gradually disturbed as the underlying surface curvature of the cylinders increased. 

Concomitantly, the macroscale guiding cues from the cylindrical surfaces became increasingly 

dominant with decreasing cylinder diameter (i.e. increasing surface curvature) leading to an 

increasingly directional migration along longitudinal axis (Figure 5.2C,D).     
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Figure 5.2 Migration tracks and representative static images of hBMSCs stained for F-actin on flat and 

cylindrical substrates coated with either isotropic fibrillar collagen (A,B) or anisotropically aligned 

collagen fibrils (C,D). Scale bar = 100 µm. n > 30 per experimental group. Cells show a random 

organization and migration behavior on flat surfaces with an isotopic fibrillar collagen coating, become 

increasingly aligned and migrate in the direction of the cylinder axis as the cylinder diameter decreases 

(A,B). Cells align and migrate along anisotropic collagen fibrils on flat and large cylindrical surfaces 

(≥2000 µm), show a random organization at intermediate cylinder sizes (1000-750 µm) and follow the 

cylinder axis on small cylindrical surfaces (≤ 500 µm) (C,D).  

 

To identify the directional preference at different conditions, we quantified the displacement of 

migrating hBMSCs along the longitudinal cylinder axis (dx) and in the circumferential direction 

(dy) of the cylinders (Figure 5.3A-C). We used these data to calculate the ratio of displacement 

of the migrating cells in x- vs. y-direction (dx/dy, where dx/dy = 1 represents an isotropic 

movement) (Figure 5.3D). The migration tracks of hBMSCs on flat, isotropically-coated 

surfaces showed on average an equal displacement in the x- and y-direction (dx/dy = 1), 

indicating that no preferred direction of migration exists on these substrates. With increasing 

curvature of the cylindrical surfaces, however, a preferential migration direction emerged that 

gradually aligned with the cylinder axis (x-direction) (Figure 5.3B,D, in red).  
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Figure 5.3 Mesoscale curvature guidance can overrule nanoscale contact guidance in migrating hBMSCs. 

The maximal displacement (Feret diameters) of the individually migrating cells (n>30 per experimental 

group) along the cylinder axis (dx) and in the circumferential direction (dy) was analyzed (A). On 

isotropically coated substrates, cells increasingly migrated along the direction of the cylinder axis as the 

cylinder diameter decreases (i.e. substrate curvature increases) (B). Cells on substrates with anisotropic 

collagen fibrils show a gradual shift in the direction of migration (C). Error bars = 95% confidence 

interval. Two-way ANOVA analysis with Bonferroni posthoc test was used to assess differences between 

the migration coverages in the x and y directions (dx and dy) on the various cylindrical substrates. 

*p<0.05.  The ratio of displacement of the migrating cells in x- and y-direction shows the increasing 

influence of surface curvature on the direction of migration as the curvature increases. The transition 

point where curvature guidance (along the x-direction) overrules nanoscale contact guidance (in the y 

direction) was found at cylindrical structures with a diameter of around 1000 µm (intersection point with 

dashed line indicating dx/dy = 1). At this point, the cylinder diameter is approximately 10x bigger than 

the size of a spread hBMSC (D). Error band in shaded color = 95% confidence interval. hBMSC 

migration speed shows an increasing trend with increasing surface curvature on cylindrical substrates 

coated with isotropic fibrillar collagen. One-way ANOVA analysis with Bonferroni posthoc test was used 

to assess differences between migration speeds on the cylindrical surfaces and a flat surface. *p≤0.05. 

Error bars = 95% confidence interval (E).   
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On substrates with an anisotropic collagen network, we observed dx/dy < 1 on flat surfaces 

and large cylindrical surfaces with low surface curvature (Figure 5.3C,D, in blue), clearly 

indicating that the nanoscale collagen fibrils act as the dominant guiding cue for cell migration. 

A transition point was found at cylindrical surfaces with diameters of 1000 µm where the curve 

of dx/dy intersected with the line of isotropic cell movement at dx/dy = 1 (Figure 5.3D). 

Here, cells migrated equal distances in the x and y direction. This indicated a conflict between 

the nanoscale geometrical cues from aligned collagen fibrils and the mesoscale geometrical 

cues from the curved surface leading to a lack of any dominant geometric cue. At smaller 

cylindrical surfaces (d < 1000 µm), curvature guidance became the dominant geometrical 

guiding cue, resulting in dx/dy > 1. These findings indicated that the migration behavior of 

hBMSCs is strongly influenced already at low magnitudes of surface curvature. Mesoscale 

curvature cues could even overrule coexisting nanoscale contact guidance cues provided by 

aligned collagen fibrils.  

Interestingly, dx/dy was equal on both isotropically coated and anisotropically coated cylinders 

with the smallest investigated diameter of 250 mm. On these cylinders where the radius of 

curvature (= 125 µm) was similar to the cell’s length (≈ 100 µm), a ratio of dx/dy ≈ 3 was 

found. This indicated a threefold enhanced migration displacement in the direction along the 

longitudinal cylinder axis than in the circumferential direction, irrespective of the underlying 

fibrillar collagen organization (Figure 5.3D). However, on cylindrical substrates with an 

isotropic collagen coating, dx values were increasing with decreasing cylinder diameters while 

on anisotropic collagen coating, dx values remained constant at cylinder diameters between 

250 and 500 µm (Figure 5.3B,C). This can be explained by the fact that the observed increase 

of migration speed with decreasing cylinder diameter, was less pronounced on anisotropically 

compared to isotropically structured collagen (Figure 5.3E). Together, this suggests that even 

though the nanoscale cues are not dominant in directing cell orientation and migration on the 

smallest cylinders (250-500 µm), collagen fibrils aligned perpendicular to the longitudinal 

cylinder axis (the preferred direction of migration) might still impede the migration process, 

e.g. by interfering with lamellipodia progression, leading to reduced migration speed. Thus, 

nanoscale contact guidance cues provided by the aligned collagen fibrils can be overruled by 

the mesoscale curvature guidance cues, but still influence cell behavior.       

 

5.4.3 Cell bending on a curved surface results in increased phosphorylated myosin levels   
 

We next asked why cells turn towards the longitudinal axis of the cylindrical surface at cylinder 

diameters of up to 1000 µm, even when nanoscale contact guidance cues are directed in the 

circumferential direction. The direction of the longitudinal axis of the cylinders, that hBMSCs 

preferentially align and migrate along, is the direction of smallest (zero) surface curvature. We 

therefore wondered whether the preference of cells to orient in this zero-surface-curvature 

direction and away from higher surface curvatures in the circumferential direction is linked to 
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contractility-mediated cytoskeleton remodeling and reorientation. For directly testing this 

hypothesis, we decided to study an alternative experimental situation where the cells’ ability to 

avoid substrate curvature is prevented. Cylinders have two principal curvatures: the inverse of 

the cylinder radius in the circumferential direction and zero in the longitudinal direction. In 

contrast, spherical surfaces have a constant surface curvature (i.e., the inverse of the radius of 

the sphere) in all directions (Figure 5.4A). On cylindrical surfaces cells have the possibility to 

turn away from the curved direction and orient towards the zero-curvature longitudinal 

direction, whereas on spherical surfaces cells are forced to adapt their shape and cytoskeleton 

to the constant surface curvature. By comparing the actin cytoskeleton and phosphorylated 

myosin light chain intensity levels on cylindrical and spherical surfaces, we aimed to better 

understand the role of the cell’s F-actin-myosin machinery in curvature-guided cell alignment. 

To this end, we produced spherical and cylindrical surfaces using the molding technique 

described above coated with an isotropic fibrillar collagen network. We focused on the regime 

where cells responded strongest to substrate curvature (i.e., spheres and cylinders with a 

diameter of up to 1000 µm; see Figure 5.3). We then compared the actomyosin cytoskeleton of 

cells in a situation where they either have to bend over (spheres) or have the possibility to turn 

away from a curved direction (cylinders).  

Analysis of the signal intensities per cell revealed more pronounced stress fibers and 

significantly higher F-actin signal on cylindrical surfaces (red symbols and line) in comparison to 

spherical surfaces (green symbols and line), regardless of curvature magnitude (Figure 5.4B-D). To 

check whether this higher F-actin signal is associated with enhanced contractility, we examined 

the level of phosphorylated myosin, which is known to reflect the degree of cellular contractile 

forces [203,204]. Interestingly, we observed the opposite trend: phosphorylated myosin 

intensity levels were significantly higher on spherical surfaces compared to cylindrical surfaces 

of the same diameter (Figure 5.4E-G). Moreover, signal intensity for phosphorylated myosin 

light chain was depending on curvature magnitude with lowest values on structures with lowest  

curvatures (i.e. largest diameter) and increasing intensity with increasing curvature. This 

indicated that the formation of long and thick actin stress fibers that are required for 

cytoskeletal tension and hBMSC motility, is impeded by the curvature of the substrate. On 

cylindrical surfaces, cells make use of the possibility to turn away from directions of high 

curvature and preferentially establish F-actin fibers along the cylinder’s axis where curvature is 

reduced  (Figure 5.4H, α=0°). This is especially true for small cylinder diameters. In strong 

contrast, cells on spherical surfaces have to obey to the maximal substrate curvature (that is 

identical to the situation when they wrap around cylinders of the same diameter in the 

circumferential direction). More generally, this points to a link between the 3D morphology of 

the cell (in this case, the degree of cell bending over a curved surface), the intracellular 

cytoskeletal organization, and the contractility state of the cell.  
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Figure 5.4 hBMSCs have higher F-actin intensity levels and lower levels of myosin light chain 

phosphorylation (p-myosin) when aligned on cylinders in comparison to when cells have to obey to the 

maximal curvature of the substrate. The radius of curvature is infinite in the longitudinal direction of a 

cylinder, resulting in zero curvature. While the curvature in the circumferential direction is the inverse of 

the cylinder radius. For a spherical surface, the principle curvature is defined as the inverse of the radius 

and equal in every direction. The curvature of the spherical surfaces is identical with the maximum 

curvature in the circumferential direction of cylinders for a given radius (A). Representative 

immunohistochemical images of F-actin and phosphorylated myosin in hBMSCs on a cylindrical surface 

(B,E) and a spherical surface (C,F) for d = 300 µm. Scale bar = 100 μm. Dashed lines highlight the 

contour of the cylindrical and spherical surfaces. Intensity levels of F-actin (D) and phosphorylated 

myosin (G) per cell were analyzed and presented relative to intensity levels of cells on flat surfaces. All 
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structures were coated with isotropic fibrillar collagen. Error bars = 95% confidence interval. Two-way 

ANOVA analysis with Bonferroni posthoc test was used to assess differences between the actin and 

phosphorylated myosin intensity values on the various cylindrical substrates. F-actin intensity levels were 

significantly higher in cells on cylindrical surfaces compared to cells on spherical surfaces (D), while 

phosphorylated myosin intensity levels were significantly higher in cells on spherical surfaces, compared 

to on cylindrical surfaces (G). No significant differences were found in F-actin/phosphorylated myosin 

intensity levels between different sphere/cylinder diameters. *p≤0.05. Distribution of F-actin fiber 

orientation (black line) and orientation-dependent surface curvature  (red line) on a flat surface and on 

cylindrical surfaces with diameters of d = 1000, d = 600 and d = 300 µm (n ≥ 6). Error band = 95% 

confidence interval (H). 

 

5.5 Discussion 

 
In the present study, we systematically investigated the influence of multiscale geometrical cues 

on the migratory behavior of hBMSCs. Single-cell migration was studied on a broad range of 

mesoscale substrate curvatures. The diameter of the mesoscale cylindrical surfaces in our study 

ranged from 250 µm, which is around 2.5 times the diameter of hBMSCs in a spread state, to 

5000 µm, approximately 50 times larger than the cell size. By introducing nanoscale cues 

(collagen fibrils) perpendicular to the direction of the mesoscale cues (PDMS cylinders), we 

studied the migration behavior in a complex multicue environment and gained insights into the 

length scales of geometry that control the decision-making of cells concerning their direction 

of migration.   

In previous studies, microprinted lines and nano-grooved surfaces have been used to 

investigate the effect of multiscale contact guidance and geometrical confinement on cell 

behavior in a 2D environment. A combination of 2D nanoscale and microscale geometrical 

cues enhanced the cellular alignment and elongation as well as collective migration speed and 

persistence when both nano- and microscale structures were directed in the same direction 

[127,205]. Furthermore, by the use of microcontact-printed adhesive lines (~1-2 µm) in a 2D 

environment, Gilchrist et al. showed that mesoscale geometric confinements featuring widths 

less than 500 µm could dominate microscale contact guidance [24]. Here, we studied the effect 

of conflicting 3D geometrical cues on the nanometer and the micrometer/millimeter scale 

respectively, that are of relevance for tissue regeneration, e.g. in a biomaterial-guided tissue 

engineering approach. The mesoscale cylinders served as a mimicry for tube-like structures 

often found in the body (e.g. the outside of vessels or myofibers) as well as in tissue 

engineering scaffolds. The collagen fibrils represent nanoscale geometrical cues present in vivo. 

Our results show a transition point where curvature guidance overrules nanoscale contact 

guidance at cylinder diameters <1000 µm. Cells aligned and migrated along anisotropic 

collagen fibrils on flat and cylindrical surfaces with diameters ≥2000 µm, showed a random 

organization for cylinders with diameters of 1000-750 µm and were directed towards the 

cylinder axis on cylindrical surfaces with diameters ≤ 500 µm. The dominance of mesoscale 

cues reported by Gilchrist et al. on 2D surfaces was driven by geometric confinement, as the 
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cell layer had to adapt to a specific shape, dictated by the mesoscale pattern boundary 

dimensions. In contrast, in our experiments the cells could freely move on and off the 

cylindrical surfaces. The mesoscale dominance that we report here is therefore driven not by 

confinement but by curvature avoidance as a result of the 3D geometry. This highlights that, in 

addition to the well-known contact guidance by nano-/microcues, mesoscale curvature acts as 

a major deterministic factor in directed hBMSC migration.  

To better understand what mechanism drives mesoscale curvature guidance towards the 

longitudinal cylinder axis and how this can even overrule nanoscale contact guidance cues, we 

studied alterations of the cell’s cytoskeleton (F-actin, phosphorylated myosin) on curved 

surfaces via confocal microscopy. Mechanical models have previously been used to predict that 

the response of a cell to a curved surface depends on the balance between stress fiber bending 

energy and cell contractility [109,110]. Biton et al. argued that it would be energetically 

favorable for a cell with strong stress fibers to orient its stress fibers along the cylinder 

longitudinal axis to avoid fiber bending [109]. Furthermore, Sanz-Herrera et al. concluded that 

bending or pre-deformation of actin filaments inhibits the contractile forces exerted by a cell 

[110]. We observed thick and aligned stress fibers in hBMSCs when they were oriented in the 

longitudinal, non-curved direction of a cylinder, while lower F-actin intensities were found 

when cells had to bend over the maximal curvature on spherical surfaces. Furthermore, we 

observed higher levels of myosin light chain phosphorylation, indicative of non-muscle cell 

contractility [203,204], in cells bent over spherical surfaces compared to cells on cylinders. 

Additionally, phosphorylated myosin intensity levels increased with increasing curvature on 

both spherical and cylindrical surfaces. Dunn et al. previously proposed that actin filaments 

cannot operate in a bent situation [108]. They demonstrated that substrate curvature impairs 

the integrity of the F-actin cytoskeleton leading to fragmentation of F-actin fibers [108]. In 

addition, it was shown that stretching of F-actin leads to a higher binding affinity for non-

muscle myosin II [206], while the disruption of actin filaments, caused a release of myosin II 

from the cytoskeleton [207]. A major function of myosin II is the formation of contractile 

forces in adhering and migrating cells [14].  Phosphorylation of regulatory myosin light chains 

activates myosin II filament activity [208]. The lower F-actin levels and higher phosphorylated 

myosin levels that we observed on spherical surfaces might therefore indicate that more 

myosin II had to bind to the actin cytoskeleton to create a stable and contractile cytoskeleton 

on curved substrates. We suggest that increased phosphorylated myosin levels were required to 

balance the reduction of F-actin stress fibers in order for the cell to maintain cytoskeletal 

tension and motility on curved substrates. As phosphorylation of myosin in the presence of 

actin enables enhanced ATPase activity within the motor domain [204], cells in a curvature-

induced bent morphology might require more ATP to maintain a functional cytoskeleton. 

Accordingly, we speculate that the cell’s tendency to avoid high convex curvatures might 

represent a reorganization into an energetically more favorable morphological state.  

In the presence of aligned fibrillar collagen, hBMSC migration is guided by nanoscale contact 

guidance. However, with decreasing cylinder diameter (and increasing maximal curvature in 

circumferential direction) cells that align with the collagen nanofibers would be forced into an 
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increasingly bent morphology. The observation that above a certain curvature (here around a 

cylinder diameter of 1000 µm, i.e. a principal curvature of 1/500 µm-1) hBMSCs realigned 

towards the longitudinal cylinder axis might be the consequence of the cells strategy to find a 

configuration that facilitates the formation of thick, contractile stress fibers by avoiding high 

curvature. The fraction of F-actin fibers aligned in the direction of the cylinder axis increases 

with decreasing cylinder diameter as shown in Figure 5.4H. The fibers will experience different 

curvatures depending on their angle relative to the cylinder axis, from 2/d in the 

circumferential direction to zero along the longitudinal direction of the cylinder. As visible 

from Figure 5.4H, the angle-dependent surface curvature distribution (red line) is narrower on 

smaller cylinders than on larger cylinders. In other words, on smaller cylinders a certain 

curvature (virtual horizontal line across the graphs) is associated with lower angles relative to 

the cylinder axis compared to larger cylinders. The increasing cell alignment and migration 

along the cylinder axis with decreasing cylinder diameter can thus be interpreted as the 

consequence of the cell’s attempt to reduce F-actin fiber components along directions of high 

surface curvature. Thus, the observed curvature guidance effect is actually a curvature-

avoidance mechanism of cells to rearrange the cell body towards a less bent morphology. 

However, as even polarized cells are not one-dimensional objects but have a certain width they 

can never fully avoid the substrate curvature on cylindrical surfaces.  Furthermore, the natural 

tendency of cells to explore all possible directions counteracts a uniform alignment along the 

zero-curvature direction. Together, this might explain increasing levels of phosphorylated 

myosin with increasing curvature even though the cells tend to reduce their exposure to high 

curvature. 

The cellular response to curvatures will most likely be dependent on cell type and cell size. For 

instance, it was shown that endothelial cells wrap around fibers instead of aligning along the 

fiber direction [176,177]. A mechanical model predicted that epithelial cells wrap around 

cylindrical structures because these cells possess thinner stress fibers and/or higher cell 

contractility [109]. In contrast, cells with strong, thick stress fibers such as fibroblasts were 

predicted to align parallel to the longitudinal axis of the cylindrical substrate, as it was 

demonstrated previously on cylinders with radii smaller or comparable with cell size 

[108,109,111]. Interestingly, it was recently shown that Rho-activation of vascular smooth 

muscle cells on cylinders led to thickened basal stress fibers and increased orientation in the 

circumferential direction [111]. This is remarkable since our results suggest that cells turn away 

from the circumferential direction precisely because they cannot form thick stress fibers along 

this highly curved direction. This indicates that the cellular orientation response varies between 

cell types. Further studies are necessary to better understand the role of cellular contractility in 

curvature guidance.  

In our experiments, the density of the collagen fibril network on the different cylindrical 

substrates was uniform (see Figure S5.2, Supplementary Information). Nanoscale contact 

guidance cues were therefore constant, while mesoscale curvature guidance cues were varied 

using different cylinder diameters. In future studies, it will be interesting to explore the 

possibilities to vary collagen inter-fibril spacing or fibril thickness to investigate whether these 
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parameters act as regulators in the directional migration response. In addition, investigating 

whether nanoscale fibrils aligned parallel to the longitudinal cylinder axis could lead to a 

synergistic curvature- and contact guidance effects, could be of interest in future studies since 

this may manifest in enhanced directionality or migration speed. Studying cell behavior on 

concave next to convex cylindrical surfaces could reveal if cell orientation and migration show 

comparable directionality. This is particularly interesting as cells on concave surfaces have the 

possibility to avoid curvature by changing their adhesion morphology as we have shown in 

chapter 3 and 4 on concave surfaces [82]. In the following chapter (chapter 6), we will explore the 

possibility to pattern protein lines on curved substrates in order to further investigate the 

combined effect of contact guidance and curvature guidance cues on cell orientation. As 

stiffness-controlled cell behavior was reported concerning cell differentiation but also 

migration [133,209,210], studying the role of substrate stiffness in curvature guidance 

represents another interesting aspect for future investigations. This is especially true as the 

cytoskeleton, that we show here to be affected by surface curvature, plays a fundamental role 

in stiffness-sensation [209]. In our experiments, the stiffness of the underlying PDMS substrate 

was kept constant (around 1.5-2 MPa, Sylgard 184, 1:10 ratio crosslinker:PDMS [211]). By 

keeping the same PDMS preparation and collagen coating protocols across different 

experimental conditions (varying cylinder sizes), we made sure to only have one experimental 

variable (substrate curvature), implying that our observations are a consequence of geometrical 

rather than mechanical factors. The experimental platform that we present here, however, 

provides the possibility to change the substrate stiffness to study combined effects of 

geometrical and mechanical cues. Furthermore, future alterations of the culture medium 

composition could introduce biochemical cues as a further dimension into this study (e.g. 

serum free medium, osteogenic medium).   

To summarize, we showed that hBMSC alignment and direction of migration is controlled by 

surface curvatures that are found on geometries much larger than the cell size. This curvature 

guidance can even overrule ‘conventional’ nanoscale contact guidance along aligned collagen 

fibrils. We propose that curvature guidance is driven by a mechanism where the cell tries to 

avoid a bent morphology to ease the formation of linear and functional cytoskeletal stress 

fibers (Figure 5.5). 

 

Figure 5.5 Schematic representation of the combined effect of contact guidance and curvature guidance 

cues on cellular orientation and the proposed curvature-induced changes in the actomyosin cytoskeleton.  
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Figure S5.1 Optical profilometry images of a cylindrical surface (d = 500 µm) without (A,B) and with 

(C,D) the addition of the thin extra PDMS layer. 
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Figure S5.2 Images of anisotropic fibrillar collagen coating on cylindrical substrates with diameters of 

350, 500, 750 and 1000 µm (left) and the corresponding collagen fiber orientation histogram of the image 

(right). The collagen fiber network completely covered the curved surfaces and the density of the collagen 

fibril network was uniform on the different cylindrical substrates.  

 

 

 

 



Mesoscale substrate curvature overrules nanoscale contact guidance  

 

101 

 

 

Figure S5.3 Calculation of the curvature that a projected linear element (e.g. F-actin fiber, green) would 

be exposed to on top of a cylindrical surface, depending on its orientation (angle α) relative to the 

cylinder axis. The bent shape is approximated as an ellipse (intersection of planes with different 

orientation angles and the cylinder’s surface). The curvature of interest is the lowest curvature of the 

ellipse (at φ=90°). 
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6.1 Abstract 

 
In this chapter, we provide a detailed description how to perform protein micropatterning on 

curved 2.5D substrates by using a contactless and maskless UV projection system. This 

approach enables hypothesis-driven experiments to systematically study the effect of a 

multitude of geometric cue combinations on cell orientation. We anticipate that this will 

provide information on the combinational effect of geometrical cues, allowing us to better 

predict the cell orientation response in complex multi-cue environments.  

 

6.2 Introduction 

 
Cells are subjected to an orchestra of physical cues provided by the surrounding environment 

[18,36,212]. Over the last years it has been demonstrated that the geometry of the extracellular 

environment can guide cell orientation and migration behavior. The cellular response towards 

a variety of geometrical cues, such as protein printed patterns, ridges, and fibers with 

dimensions from the nano- to microscale, has been extensively studied using micro-fabricated 

platforms [59,190,192,213–217]. These platforms allow the precise control of the cell’s 

geometrical environment.  The fast majority of these studies, however, have been performed 

on two-dimensional (2D) substrates. A challenge lies in extending our knowledge of geometry-

guided cell behavior from a 2D towards a three-dimensional (3D) level. 3D culture conditions 

better simulate the in vivo situation. However, matching a specific cellular response to a 

particular geometric cue remains difficult due to the architectural complexity in 3D porous 

constructs, as many variables (e.g. fiber shape and size, pore size, the cell’s location in the 

construct etc.) can influence the cellular outcome. Moreover, microscopic observation of 

intracellular components in 3D constructs can be complicated due to limited z-resolution and 

penetration depth. Therefore, identifying the contribution of each variable remains challenging 

in a 3D construct. Micro-fabricated platforms with two-and-a-half-dimensional (2.5D) relief 

patterns can function as an intermediate step to study cells in a more native like pseudo-3D 

environment while keeping the ease of microscopic observation. In addition, in order to 

represent a more native-like environment there is an increasing interest in combining multiple 

environmental cues to cells, and their effects on the cellular orientation response have been 

reported [24,127,186,218].  For instance, Charest et al. demonstrated that both a protein line 

pattern (biochemical cue)  and a ridge pattern (topographical cue) alone can direct cell 

alignment. When the cues were combined and the protein patterns were overlaid perpendicular 

to the ridges, cells aligned in the direction of the ridges [218]. When 2D printed lines were 

printed within rectangular shapes, the mesoscale boundary conditions of the rectangles could 

enhance the alignment response when the microscale lines were directed parallel to the long 

axis of the mesoscale shape, but overrule the microscale line patterns when these were printed 

perpendicular to the long axis of the mesoscale shape [24]. Together, these studies indicate that 

a geometrical cue can enhance or overrule other cues in the alignment response of cells. 

Subjecting cells to two or more geometrical cues therefore allows us to deepen our knowledge 



Generating protein micropatterns on curved substrates  
 

105 

 

on the combinatory (e.g. enhancing, neutralizing or conflicting) effect of multiple cues on  the 

cellular orientation response on the intracellular, single cell and  multi-cell level.  

We demonstrated in chapter 4 and 5 that convex cylindrical substrates (2.5D), much larger than 

cell size, guide cell migration direction along the longitudinal axis of the cylinder. The 

curvature guidance cues provided by the cylinders could even dominate contact guidance cues 

that were applied in the perpendicular, circumferential direction at cylinders with a diameter of 

up to 1000 µm. This result made us question whether the contact guidance cues in the form of 

printed protein lines that are well-studied on planar, 2D surfaces also evoke an anisotropic cell 

orientation response when present on non-planar, curved surfaces. This is especially interesting 

since planar surfaces hardly exist in the natural environment of the body, where cells are rather 

in contact with curved surfaces in the form of cavities or tube-like structures. In chapter 5, we 

used an anisotropic fibrillar collagen coating on cylinders to represent a native-like contact 

guidance cue. However, the controllability to vary these cues was restricted, since we could not 

change the collagen fibril diameter (~100-200 nm), spacing between the fibrils and also the 

direction in which we could apply the fibrils on the cylinders was limited. We therefore sought 

a method with which we could print a large variety of protein patterns of various shapes, sizes 

and spacing on cylindrical substrates.  

In this chapter, we describe an approach which combines multiple geometric cues of different 

origin by printing protein patterns (contact guidance cues) on curved 2.5D substrates 

(curvature guidance cues). This makes it possible to study the cellular response toward 

combinational geometrical cues under non-planar conditions. Thereby, this method initiates a 

step towards the desired transition from single-cue 2D platforms towards multi-cue 3D 

platforms to study the cellular response under more complex, native-like situations.  

 

6.2.1 Relevance  

 

Obtaining new insights in how cells sense and respond to geometric cues from their 

environment is of interest for scientists of various disciplines. On the fundamental side, 

studying how specific intracellular components (such as focal adhesions, actin fibers and 

intermediate filaments) (in)dependently contribute to the mechanoresponse of cells towards 

external cues deepens our knowledge on the function of intracellular components in the 

cellular orientation response. In tissue engineering, providing geometrical cues via a biomaterial 

scaffold to guide cell orientation is of interest if one wants to mimic the anisotropic 

organization that exists in many tissues in the body (such as cardiovascular tissues) [32]. Precise 

control of the scaffold’s architecture is nowadays possible using additive manufacturing 

techniques [25]. Knowledge on how geometric cues affect the cell orientation response and 

multi-cell organization is therefore essential for smart design of scaffolds that guide cell 

migration in pre-determined directions and direct cells (and at a later stage tissue growth) in a 
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desired orientation. Also in other fields like organ-on-a-chip research, in which human cell 

biology and microfluidics are merged on top of a lab-on-a-chip architecture, knowledge on 

how to pattern cells in specific locations is of great importance in order to mimic the native 

situation as closely as possible [219]. In the field of cancer research, it was shown that 

cancerous cells are guided during metastasis through tube-like structures in the form of 

collagen bundles, myofibers and the outside of blood vessels [124,125,164,165,187]. Further 

knowledge on how cell migration orientation is influenced during metastasis by these 

structures is therefore of interests to predict and influence the cancer development.  

 

6.2.2 Comparison with other methods, advantages and novelty 

 

Micropatterning strategies enable control over cell and tissue architecture in vitro by allowing 

cell attachment to only specified areas. One of the most well-known pattering techniques is 

microcontact printing which uses a protein inked polydimethylsiloxane (PDMS) stamp -which 

contains micro-size features- that is brought into contact with a substrate in order to transfer 

the protein ‘ink’. The production of the PDMS stamp involves soft lithography techniques, 

which require masks to produce silicon wafers with the desired features and subsequent replica 

molding [220,221]. This technique allows fast pattering of 2D surfaces, however, since this 

technique relies on the contact-mediated transfer of the protein ‘ink’ from the stamp to the 

substrate, it is not suitable for printing non-flat substrates. Alternatively, deep UV patterning is 

a method for protein patterning that does not require contact with the surface. This method 

uses UV light that is applied through a mask to degrade the passivation polymers on the 

substrate at specified locations [222]. This contactless technique could be used on curved 

substrates, however the necessity of physical masks limits the flexibility of patterning many 

different shapes, feature sizes, feature arrangements etc.  

Recently, a new commercially available device called PRIMO (Alvéole, Paris, France) was 

developed, which allows contactless and maskless patterning of substrates and therefore 

permits flexibility in printing protein patterns with a resolution of down to ~500 nm. This 

technology relies on the spatial control of a UV light pattern that is projected onto a substrate 

using a digital micro-mirror device (DMD). Figure 6.1 summarizes the main steps involved in 

the printing process. The first step is passivation of the substrate using non-fouling 

polyethylene glycol (PEG) chains to prevent any unspecific cell attachment (Figure 6.1A). The 

addition of a photointitiator PLPP on the surface cleaves PEG chains at the locations that are 

illuminated, thereby creating holes of predefined shape and size in the passivation layer [223] 

(Figure 6.1B,C). Incubation of the substrate with a protein solution (e.g. fibronectin or 

fibrinogen) subsequently results in protein adsorption at the illuminated regions where the 

PEG layer was cleaved (Figure 6.1D). Cells can only attach to the regions where the protein 

adsorbed to the surface (Figure 6.1E). The pattern is illuminated using a microscope; this set-

up therefore also allows precise alignment of the pattern with specific features on the substrate. 
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Moreover, this alignment option also allows printing a sequence of different patterns and 

incubation with different proteins, to create a multi-protein patterned substrate. An automatic 

microscope stage permits the printing of multiple fields of view.  

 

 

Figure 6.1 Outline of the experimental procedure. (A) PDMS substrates containing semi-cylindrical 

features were treated with oxygen plasma and subsequently coated with (Poly-L-Lysine) PLL and PEG-

SVA, to create a passivized surface. (B) The photoinitiator PLPP is added. (C) UV light is projected in a 

pattern on the substrate. The photoinitiator cleaves the PEG chains at the illuminated locations. (D) 

Fluorescently labeled fibronectin is added. The protein can only adsorb at the locations where the PEG-

chains were cleaved. (E) Cells attach to the fibronectin-coated areas. 
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The printing possibilities on 2D substrates and on the sides of wells have been explored and 

documented by different groups [224,225]. The novelty of our protocol is that we present a 

method to pattern proteins in a controllable way on curved 2.5D substrates. This opens up 

ample possibilities to study the combined effect of contact guidance cues and curvature 

guidance cues on (intra)cellular organization and cell behavior.  

 

6.3 Experimental design  

 
The maskless projection of illumination patterns allows us to pattern a large variety of different 

designs on various substrates. Printing contact guidance cues in the form of multiple protein 

lines of a few micrometer on cylinders that provide curvature guidance cues allows us to assess 

the cellular orientation response to the combination of these cues. Aligned protein lines evoke 

a strong alignment response of human bone marrow stromal cells (hBMSCs) on 2D surfaces 

(Figure 6.3A). On curved surfaces, cells experience combinational cues from the lines (contact 

guidance) and from the cylinders (curvature guidance). We have shown in chapter 3 that cells 

have to adapt to a bent morphology when attached to convex substrates. This bent 

morphology leads to nuclei compression and higher lamin A intensity levels [82]. Furthermore, 

we showed in chapter 5 that phosphorylated myosin light chain intensity levels increased with 

increasing substrate curvature, suggesting a link between substrate-induced cell bending and 

the F-actin–myosin machinery [83]. Here, we aimed to dive deeper into the organization, shape 

and orientation of the intracellular components in cells on patterned curved surfaces to better 

understand their role in the geometry-induced orientation response.  

It was previously shown that F-actin fibers cannot properly operate in a bent configuration and 

that cell bending leads to fragmentation of F-actin fibers [108]. However, several types of F-

actin fibers (e.g. basal layer and actin cap fibers) exist in the cell and it was shown that these 

types can respond differently when presented to conflicting environmental cues. In a study by 

Tamiello et al., cells were exposed to a combination of contact guidance cues and cyclic 

stretching. It was shown that the shorter and thinner basal fibers follow the contact guidance 

cue, while  the long and thick actin cap fibers respond to the cyclic strain by strain avoidance 

[226]. On patterned flat surfaces, cells align F-actin stress fibers and focal adhesions in the 

direction of the micropatterned protein lines. In the case of cylindrical substrates with 

micropatterned lines directed perpendicular to the cylinder axis, cells will have to adapt to an 

increasingly bent morphology as the cylinder diameter decreases in order to maintain their 

orientation along the aligned patterned protein lines. We hypothesize that the bent morphology 

leads to impairment of the integrity of long F-actin stress fibers of the actin cap that stretch 

over the nucleus, while the short actin fibers of the actin basal layer underneath the nucleus 

can remain intact. In addition, the F-actin fibers of the actin cap are attached to the nucleus 

and have thereby an effect on the nucleus shape [118]. We hypothesize that the bent actin cap 

fibers exert a downward pushing force on the nucleus, thereby inducing nucleus compression. 

At cylindrical substrates with diameters lower than 1000 µm hBMSCs will realign towards the 
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longitudinal axis (as shown in chapter 5). By realigning towards the uncurved direction of the 

cylindrical surface, we hypothesize that the nucleus can regain its natural, uncompressed shape 

and the integrity of the stress fibers of the actin cap is restored. Concurrently, we hypothesize 

that the integrity of shorter F-actin fibers of the basal layer, will be less affected by the curved 

substrate and that these fibers remain aligned along the direction of the protein lines (Figure 

6.2).  

To test this hypothesis, we printed fibronectin lines on flat surfaces and cylindrical surfaces 

(diameter (d) = 250 - 5000 µm). Homogeneously coated flat and cylindrical surfaces with 

fibronectin served as control. hBMSCs were seeded at a density of 2 ∙ 104 cells/cm2 and 

cultured for 24 hours on the printed substrates. The samples were fixed with 4% formaldehyde 

and stained for F-actin (Phalloidin–Atto 647) and nuclei (DAPI). Immunohistological stained 

chips were imaged using a Leica TCS SP5 microscope with a 20x, 0.7 NA objective. To assess 

the cell and nuclei orientation, a digital zoom of 1.2 was used and z-stacks were recorded at 4 

µm z-spacing. To assess the F-actin orientation of the basal layer and actin cap, a zoom of 4.8 

was used and z-stacks were recorded at 0.25 µm z-spacing. We used an automated algorithm 

for quantification of cell and nucleus aspect ratio and orientation [227]. The F-actin orientation 

of the basal layer and cap were quantified using fiber tracking software, based on the work of 

Frangi et al. [228]. 
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Figure 6.2 Schematic illustration of the experimental design and hypotheses. (A) A fibronectin line 

pattern (line width and spacing 10 µm) providing contact guidance cues was patterned on a PDMS 

cylinder-on-chip platform (curvature guidance cues). The semi-cylindrical substrates have diameters 

ranging from 250 µm to 5000 µm. (B-E) We hypothesize that cells align along the contact guidance cues 

on cylinders with a diameter larger than 1000 µm. At a diameter of 1000 µm, we expect that the 

conflicting contact guidance cues and curvature guidance cues in opposite directions cause a random, 

undirected cell response. On smaller cylinders we predict that cell, nucleus and stress fibers (SF) of the 

actin cap are oriented toward the longitudinal cylinder axis, while the smaller actin fibers of the basal layer 

are directed along the direction of the protein lines. 
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6.4 Materials 

6.4.1 Reagents                                                    

• 3’aminopropyltriethoxysilane (APTES; A3648, Sigma-Aldrich). 

• 4’,6’-Diamidino-2-phenylindole dihydrochloride (DAPI; D9542, Sigma-Aldrich) 

• Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich) 

• Fetal Bovine Serum (FBS; Biochrom AG) 

• Fibronectin (FN; FNR01-A, Cytoskeleton) 

• L-glutamine (glutaMAX; Invitrogen) 

• 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid, N-(2-Hydroxyethyl) piperazine-

N’-(2-ethanesulfonic acid) (HEPES, H3375, Sigma-Aldrich) 

• Penicillin/streptomycin (Biochrom AG) 

• Phalloidin-Atto (65906, Sigma-Aldrich) 

• Photoinitiator (PLPP; 4-benzoylbenzyl-trimethylammonium chloride, 

custom synthesis by Sigma-Aldrich outsourced to SinoChem, China) 

• mPEG-Succinimidyl Valerate (mPEG SVA; MW 5,000 - 1 gram, Laysan Bio) 

• Poly (dimethylsiloxane) (PDMS; Sylgard 184 Silicone Elastomer Kit, Dow Corning) 

• Poly-L-lysine solution (PLL solution; P4707, Sigma-Aldrich) 

• Sodium hydroxide (NaOH; 1.06329.1000, Merck) 

• Tridecafluoro (1,1,2,2,tetrahydrooctyl) trichlorosilane (AB111444, ABCR) 

• Trypsin 

6.4.2 Reagent setup 

• Cell culture expansion medium: Add 10% fetal bovine serum, 1% 

penicillin/streptomycin, and 1% L-glutamine to the 500 ml bottle of Dulbecco’s 

modified Eagle’s medium. The medium can be stored for up to 1 month at 4°C. 

• HEPES buffer (0.1M, 8.0 < pH < 8.5): Add 2.38 mg of HEPES to a beaker with 80 

ml of dH2O. Add a stir bar to the beaker and leave the beaker on a stir plate until the 

HEPES has been completely dissolved. Monitor pH of the solution (pH is 

approximately 5). Add sodiumhydroxide (NaOH) to raise the pH between 8 and 8.5. 

Once the pH of the solution is between 8 and 8.5, add dH2O to raise the volume to 

100 ml. 

6.4.3 Equipment 

• Oxygen plasma treatment system (Emitech k1050x Plasma Asher) 

• Vacuum desiccator 

• Tweezers 

• Balance 

• Parafilm (PM992, Laboratory Film) 

• Petri dishes 

• pH meter (Mettler Toledo) 

• Plastic pipettes 
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• Microscope glass slides 

• Cell culture CO2 incubator (Sanyo CO2 incubator) 

• Cell culture safety cabinet (Steril Antares) 

• Cell culture flasks (T75 flask) 

• Centrifuge (Centrifuge 5804 Eppendorf) 

• Chip molds: chips containing convex semi cylinders with diameters of 

250, 350, 500, 750, 1000, 2000 and 5000 µm and a length of 1000 µm, 

surrounded by flat areas. 

• Confocal microscope (Leica TCS SP5X with a 20x/0.7 numerical aperture 

HCX PL Apo CS objective) 

• Laboratory oven 

• PRIMO (Alvéole, Paris) 

• Inverted fluorescent microscope with motorized stage (Leica DMi8 with 

a 20×/0.4 numerical aperture HC PL Fluotar objective) 

• 1.5 ml tube (Eppendorf) 

• Conditioning mixer (Thinky mixer ARE250) 

• Spincoater (WS 400e 6npp lite shown) 

 

6.4.4 Software 

• Inkscape 0.92.2 

• ImageJ (Fiji) 

• Mathematica 11.1 (Wolfram Research, INC, Champaign, USA) 

• Rhinoceros 3D (McNeel Europe) 

 

6.5  Procedure 

6.5.1 Design of the pattern    Timing: 30 minutes 

1. Use Inkscape software to design the pattern. 

2. Define the unit of measurement in pixels (px) or millimeters (mm). 

3. Draw a black rectangle at a specific size, 1824 x 1140 px for one DMD or the size of 

the area of interest on the chip in mm. 

4. Draw the designed pattern in white. Note: one pixel is 0.27 µm. 

5. Export the file to .tiff (px) or save the file as .pdf (mm). 
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6.5.2 Fabrication cell culture chips    Timing: 1 day 

Molds containing semi-cylinders (convex and concave) with diameters of d = 250, 350, 500, 

750, 1000, 2000 and 5000 µm and a length of 1000 µm, surrounded by flat areas were designed 

using computer-aided design software (Rhinoceros 3D, McNeel Europe). These molds were 

produced in glass by FEMTOPrint (Muzzano, Switzerland) using a femtosecond laser direct 

write technique. 

6. Place the glass chip mold in a vacuum desiccator in a fume hood. Add 3-5 drops  

tridecafluoro (1,1,2,2,tetrahydrooctyl) trichlorosilane in a small petri dish and place 

the dish next to the  glass mold in the desiccator. Apply the vacuum to expose the 

chip mold to the silane in vapor-phase overnight to facilitate later removal of the 

PDMS chip from the mold.  

7. To make the PDMS chips, first prepare the PDMS by mixing the PDMS prepolymer 

and curing agent at 10:1 weight ratio. 

8. Pour the PDMS solution into the treated chip mold and degas the poured PDMS in a 

vacuum desiccator to remove the air bubbles. Cure the chip overnight at 65°C in the 

laboratory oven. 

9. After peeling off the cured PDMS from the mold, apply a thin additional PDMS layer 

to the chip to ensure a smooth surface. Apply a droplet of PDMS on the chip and 

spread this to a thin layer on the chip using pressurized air flow. Cure the chip for 3 

hours at 65°C in the laboratory oven. 

 

6.5.3 Substrate passivation    Timing: 2.5 hours 

10. Pretreat the substrates (e.g. cell culture chips) for 60 seconds at 100 W with oxygen 

plasma by placing the chips into a plasma treatment system while introducing oxygen 

to the plasma chamber. Note: Plasma treatment renders the substrate more 

hydrophilic, however, the effect decays over time (approx.. 30 minutes). 

11. Incubate the substrate with 500 mg/ml poly-L-lysine (PLL) for 30 minutes at room 

temperature. 

12. Rinse 3x with HEPES buffer (8 < pH < 8.5). 

13. Prepare the mPEG-SVA solution (50 mg/ml) in a 1.5 ml Eppendorf tube by mixing 

50 mg of mPEG-SVA in 1000 µl of HEPES buffer (8 < pH < 8.5). Vortex the 

mixture for a couple of seconds to mix evenly. This amount of mPEG mixture will 

be enough to passivate five PDMS chips. Note: As the half-life of the SVA ester is 10 

minutes at pH 8.5, the solution must be prepared just before applying it to the chips. 
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14. Incubate the substrate with the mPEG-SVA mixture for at least 1 hour at room 

temperature. Note: Make sure that the substrate does not dry out. 

15. Aspirate the mPEG-SVA and wash 5 times with PBS by pipetting up and down 

multiple times each washing step. Pause point: The coated substrates can be stored at 

4°C for ca. 2 days. 

 

6.5.4 Patterning using PRIMO    Timing: 1 - 6 hours  

16. Calibrate PRIMO according to the manufacturers’ protocol.  

17. Aspirate the PBS from the substrate of interest and place the chip upside-down 

(features facing down) in a dish with a glass bottom. 

18. Pipette 200 µl of the photoinitiator PLPP next the substrate. The PLPP will flow by 

capillary action under the chip and the substrate is submerged in PLPP. 

19. Place the substrate submerged in PLPP on the stage of the microscope. 

20. Use the bright field settings of the microscope to adjust the stage until the top of the 

curved substrate is in focus.  

21. Load the image of the pattern in the software. The loaded image will appear in red. 

22. Adjust the number of repetitions by defining the number of columns and rows in 

"cols" and "rows". 

23. Align the pattern with the substrate by clicking "set ref". 

24. Change the laser settings to 100% laser power and the illumination time of interest in 

seconds. The illumination time depends on the material of the substrate, size of the 

pattern and protein concentration. For printing lines on a PDMS substrate, an 

illumination time of 80 seconds was used.  

25. Click "Run" to illuminate the substrate. It depends on the illumination time and 

number of repetitions on how long the illumination of the substrate will take. Note: 

The PLPP can evaporate during the printing process, be careful that the substrate 

does not dry out. PDMS substrates can approximately be illuminated for 1 hour. 

26. Prepare a sufficient working volume of fibronectin solution and dilute it to a final 

concentration of 50 µg/ml in sterile PBS. 200 µl of fibronectin solution is needed per 

chip. Note: Mix the fibronectin solution with a large-bore (1000 µl) micropipette tip. 
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27. Incubate the substrate for 5 minutes with fibronectin and wash the substrate 5 times 

with PBS by pipetting up and down. Note: Be careful with drying.  

28. Store the substrate in PBS at 4°C until use. Pause point: The substrates can be stored 

up to 1 week. 

 

6.5.5 Seeding hBMSCs on the chip    Timing: 2 hours 

29. Culture hBMSCs in a T75 flask at 37°C and 5% CO2 in expansion medium. Refresh 

the medium two times per week. 

30. Detach the cells from the flask at 80% confluency by washing the cells two times with 

PBS, followed by adding 1 ml of trypsin for approximately 1.5 minutes. 

31. Rinse the flask with 9 ml medium, transfer the total cell suspension to a falcon tube 

and centrifuge the cells for 5 minutes at 1000 rpm. 

32. Discard the supernatant and resuspend the cells in 2 ml medium. Pipette the 

suspension gently to break up any aggregates that are formed during the 

centrifugation. 

33. Count the cells and prepare per chip 1 ml cell solution with a concentration of 2 ∙ 104 

cells/ml. 

34. Aspirate the PBS from the PDMS substrates and add 1 ml cells solution dropwise. 

Note: avoid drying of the substrate. 

35. Do not swirl the cell suspension on the chip. Instead, leave the chip with the cells for 

10 minutes at the bench to allow the cells to form initial attachments to the substrate. 

This step prevents that cells accumulate in the center of the chip. 

36. Place the chip for 1 hour in the incubator at 37°C and 5% CO2. After 1 hour, aspirate 

the medium and replace it with fresh medium. This removes any cells that have not 

attached to the substrate after 1 hour. 

37. Culture the cells for 24 hours in the incubator at 37°C and 5% CO2. 

 

6.5.6 Immunofluorescence staining and imaging   Timing: 1 day 

38. Aspirate the medium and wash the sample with PBS. 

39. Fix the cells by adding 1 ml of 3.7% formaldehyde per chip for 15 minutes at room 

temperature. Discard the formaldehyde as chemical waste and wash the chip three 
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times for 5 minutes with PBS. Pause point: The substrate can be stored in PBS at 

4°C. 

40. Stain the actin cytoskeleton with Phalloidin-Atto diluted at 1:200 in PBS for 45 

minutes at room temperature in the dark.  

41. Aspirate the phalloidin solution and wash 3 times for 5 minutes with PBS. 

42. Stain the nucleus with DAPI diluted at 1:500 in PBS for 5 minutes at room 

temperature in the dark. 

43. Aspirate the DAPI solution and wash three times for 5 minutes with PBS. 

44. Store the chip in PBS at 4°C until use. 

45. Use confocal microscopy to image the patterns and cells on the chip. Regions of 

interest can be imaged with a 20x, 0.7 N/A objective, with a digital zoom of 1.2 and a 

white light laser (Supercontinuum Fiber Laser, Leica) set at an excitation wavelength 

of 488 nm. For every region of interest record z-stacks with 4 µm z-spacing. 

46. To assess the F-actin orientation of the basal layer and actin cap, use a zoom of 4.8 

and record z-stacks of 0.25 µm z-spacing.  

 

6.5.7 Image analysis   Timing: 1 hour 

47. Use ImageJ to construct a 3D projection and to save the individual z-stacks for every 

individual channel (e.g. fibronectin, nucleus, actin). 

48. To analyze the cell and nucleus morphological parameters as described by 

Buskermolen et al. [227] use the 3D projection images of each individual channel. To 

analyze the actin cap and basal layer fibers use the individual z-stacks of the actin 

cytoskeleton and use the channel of the nucleus to determine which fibers are 

running on top or under the nucleus. The orientation of the F-actin fibers can be 

quantified F-actin using fiber tracking software based on the work of Frangi et al. 

[228]. 
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6.5.8 Troubleshooting 

A summary of troubleshooting advice can be found in Table 6.1. 

Table 6.1 Troubleshooting table 

Step Problem Possible reason Solution 

14, 25, 27 Quality of the pattern is 
poor 

Substrate dried out Always leave a little amount 
of fluid on the substrate 

20 Pattern is blurry or does 
not match the size of the 
design 

Substrate is not in focus It is easiest to find the right 
focus plane at the upper 
edge of the cylindrical 
substrate 

27 Cells exhibit an unusual 
morphology 

Not enough fibronectin is 
present 

Adjust the incubation time 
of the fibronectin solution  

14, 25, 27 Cells adhere outside 
patterns 

Unspecific protein 
adsorption  

Avoid drying of the 
substrate 

33 Software is not detecting 
the cells or nuclei properly 

Cells are touching each other 
and therefore the watershed 
algorithm does not work 
properly 

Lower the cell seeding 
density 
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6.6 Results  

 
hBMSCs and their nuclei and stress fibers align along the direction of contact guidance cues 

presented by a line pattern of fibronectin (10 µm width and 10 µm spacing) on a flat substrate 

(Figure 6.3A). We demonstrate here that a line pattern can also be produced on cylindrical 

PDMS substrates.  The patterned lines covered the semi-cylinder structures and the width and 

spacing of the lines was uniform on the top and sides of the cylindrical substrate (Figure 6.3B). 

These patterned substrates were used to investigate the effect of contact guidance cues in 

combination with curvature guidance cues on the orientation response of hBMSCs. On 

cylindrical substrates with a diameter equal or lower than 500 µm, we observed that the cells 

did not align in the direction of the protein line pattern, as they do on flat substrates, but are 

directed along the longitudinal axis of the cylindrical substrate. On cylindrical substrate with a 

diameter above 500 µm, cells were less affected by the curvature guidance cue and a portion of 

the cells were oriented along the direction of the contact guidance cue provided by the protein 

line pattern (Figure 6.3C). An automated image analysis algorithm was used to detect the cells 

and nuclei in all images and extract their morphological features (i.e. direction and aspect ratio) 

(Figure 6.3D). The quantitative results obtained from this analysis method showed that 

hBMSCs predominantly aligned in the direction of the cylinder axis (0°) on the smallest 

cylindrical substrates and were more elongated. As the surface curvature of the cylinders 

decreased (i.e. increasing diameter), a larger spreading in cell orientation direction was observed 

and cells increasingly followed the contact guidance cues provided by the fibronectin lines, 

leading to an increase in cellular and nuclear alignment in direction of the lines (90°) (Figure 

6.3E).  To get more insights in the organization of the different types of F-actin fibers (i.e. 

actin cap and actin basal layer), we analyzed the orientation of the individual actin fibers at 

different z-heights in the cell (Figure 6.3F). As an example, the analysis for a cell on a 

homogeneous fibronectin coated substrate showed that the F-actin fibers of  the actin cap (i) 

align in the same direction, while a larger spreading in fiber orientation is observed in the F-

actin fibers of the actin basal layer (iii).   
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Figure 6.3 (A) hBMSCs stained for the actin cytoskeleton (green) and nucleus (blue) on  fibronectin lines 

(red, 10 µm width and 10 µm spacing) created with conventional microcontact printing on a flat glass 

slide. (B) Fibronectin lines (10 µm width and 10 µm spacing) on top of a curved substrate (cylinder d = 

250 µm). The z-projection shows that the lines covered the semi-cylinder completely. (C) Cells on curved 

substrates (cylindrical substrates with d = 350, 500, 750, 1000 µm) printed with fibronectin lines (10 µm 

width and 10 µm spacing). (D) Example of the morphometric analysis of the cells and nuclei on a curved 

substrate (d = 500 µm). (E) Analysis of the cells and nuclei orientation and aspect ratio. The black line 

represents the mean value (n = 12-50 cells). (F) Analysis of the actin cap and basal layer fibers of a cell on 

a homogeneous coated substrate, where i represents the fibers on top of the nucleus, i.e. the actin cap 

fibers, ii around the nucleus, and iii under the nucleus, i.e. the actin basal layer fibers. 
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6.7  Current limitations 

 
We described a method to create contact guidance cues in the form of protein lines on top of 

curved 2.5D substrates. However, some technical limitations remain with this approach. First, 

an intact, dense and stable PEG passivation layer on the PDMS substrate is key to the success 

of the patterned substrate. The stability of the PEG layer is affected by drying out of the 

substrate, which can lead to unspecific protein adsorption and therefore unwanted cell 

attachment outside the patterned areas. During crucial steps of the printing process (see Table 

6.1), we ensured that the substrates did not dry out, however, on the PDMS substrates we still 

noticed i) unwanted cell attachment outside the patterned areas and ii) that cells on the patterns 

exhibited an unusual cell morphology. We hypothesized that the unspecific cell attachment 

outside the patterns could be caused by an impairment of the PEG passivation layer. 

Furthermore, the unusual cell morphology (i.e. not fully spread cells that lack actin stress 

fibers) indicates that cells cannot form strong attachment bonds with the substrate, suggesting 

that the fibronectin concentration is not sufficient. To optimize the current protocol and solve 

these issues, we explored other approaches for passivation of PDMS substrates (Box 1) and 

different incubation times of fibronectin (Box 2), respectively. Figure 6.4A demonstrates the 

patterning of fibronectin lines applied to substrates with four different passivation methods 

(APTES, APTES H2O, APTES vacuum, and Pluronic F-127), where we only obtained a clear 

pattern on the substrates passivated with the APTES and APTES vacuum method. However, 

the cells exhibited an unusual morphology (APTES) or the fibronectin lines were not 

homogeneous and the cells still attached on unpatterned regions  (APTES vacuum) (Figure 

6.4B).  

In comparison, cells seeded on PDMS substrates passivated with  PEG-SVA with or without 

incubation of fibronectin (Figure 6.5A and B, respectively) did not adhere or spread on the 

PEG-SVA coating, demonstrating that the passivation of the PDMS with PEG-SVA worked 

properly and the substrates did not dry out. We still observed more unspecific cell attachment 

outside the patterned regions on substrates passivated with PEG-SVA that were printed with 

the PRIMO device (Figure 6.5C), suggesting that the regions not exposed to the illumination 

pattern were somehow affected and unspecific protein adsorption occurred. Still these cells do 

not exhibit a normal morphology. To test the influence of protein incubation times on cellular 

morphology, we incubated patterned PEG-SVA coated PDMS substrates for 5 min, 2 x 5 min, 

or 30 min with fibronectin (Figure 6.5D). Figure 6.5D demonstrates that incubating the 

patterned substrate for 2 x 5 min with fibronectin had a clear effect on the homogeneity of the 

intensity of the pattern, however, the cells did not align in direction of the lines as expected 

from Figure 6.5A where we patterned fibronectin lines on PDMS using microcontact printing. 

In conclusion, currently it is not certain if cells did not attach in between the patterns which 

makes the results presented in Figure 6.3E unreliable.  

A second limitation of the system is the possible resolution of the patterns. In our experience, 

the success rate of printed patterns on PDMS with feature sizes below 3 µm is low. The 

smaller the feature size the more difficult it becomes to obtain clearly defined feature 
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boundaries and the higher the risk of obtaining blurred patterns. The size of the DMD that is 

used to project the light pattern on the substrate is 1824 x 1140 px, using a 20x objective this 

translates to 500 x 300 µm. Printing patterns larger than this size is possible. The software cuts 

larger images in separate units and prints an array of these pattern units to create the full 

pattern image, possible due to the movable x-y table of the microscope. However, after 

incubation with a fluorescent-labeled protein we often noticed a difference in fluorescence 

intensity of the different units. This indicates that the light intensity during the printing process 

of the multiple pattern units is not uniform. Moreover, also within a printed pattern unit, we 

observed a gradual shift in fluorescence intensity, with the highest intensity on the periphery of 

the pattern and lowest intensity in the center of the pattern. Mixing the photoactivator fluid 

during the printing process by pipetting it up and down is supposed to help this issue 

according to the manufacturer.  However, this is very difficult, if not impossible when working 

in a closed incubator box that encloses the microscope (which is required to prevent scattering 

of harmful UV light). In addition, producing large patterned areas for cell experiments can take 

a long time. The illumination time that is necessary to cleave the PEG chains depends on the 

substrate and type of PEG that is used. The printing time per unit (500 x 300 µm) is 80 

seconds on the PDMS substrates that were used in this protocol. Printing a surface of 1x1 cm 

therefore translates in a repetitive printing of 666 units, which would take 14.8 hours. This 

printing technique is therefore most suited for printing relatively small areas.  

While the movable microscope stage in the x and y direction allows patterning large areas and 

on specific pre-set locations, it is not possible to change the height (z-location) of the stage at 

specific locations during the printing process. Accurate setting of the stage height is one of the 

first steps in the printing process and the surface of the substrate should be in focus. For flat 

substrates, this can easily be achieved, however, when printing on curved 2.5D substrates, 

there is not one particular height where the whole structure is in focus. Although setting the 

focus on the top of the cylindrical substrate generally results in clear prints on the top and 

towards sides of the cylindrical substrate, it is important for the design of the 2.5D chip to 

ensure that the top of the structures should be at the same height level, since pre-set 

adjustment of the z-position of the stage during printing is until now not possible. 
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Box 1: Different passivation methods on PDMS chips. 

1. Silane-PEG-SVA (method APTES) 
a. Transfer the substrate to a petri dish. 
b. Fill a 1.5 ml Eppendorf tube with 200 μl APTES and leave the tube open 

next to the substrate. 
c. Seal the petri dish with Parafilm and wait for 1 hour. 
d. Follow step 12-45 of the protocol. 

 
2. Silane-PEG-SVA (method APTES H2O) 

a. Prepare 1% APTES solution in MilliQ water. 
b. Incubate the substrate for 20 minutes at room temperature. 
c. Rinse 3 times 5 minutes with PBS 
d. Follow step 12-23 of the protocol. 
e. Illuminate the substrate for 2 minutes. 
f. Follow step 25-45 of the protocol. 

 
3. Silane-PEG-SVA (method APTES vacuum) 

a. Expose the substrate to APTES in a vacuum desiccator overnight.  
b. Follow step 12-23 of the protocol. 
c. Illuminate the substrate for 2 minutes. 
d. Follow step 25-45 of the protocol. 

 
4. Pluronic F-1227 

a. Prepare 1% Pluronic F-127 by diluting 50 mg in 5 ml PBS and incubate 
the substrate for 5 minutes with this solution. 

b. Wash three times 5 minutes with PBS. 
c. Follow step 16-23 of the protocol. 
d. Illuminate the substrate for 5 minutes. 
e. Follow step 25-45 of the protocol. 
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Figure 6.4 Different methods to passivate the substrates. (A) Fibronectin lines on flat PDMS for four 

different passivation methods as described in Box 1: APTES, APTES H2O, APTES vacuum, and 

Pluronic F-127. (B) Cells on PDMS chips printed with fibronectin lines (red) and stained for the actin 

cytoskeleton (green) for the APTES and APTES vacuum method. 
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Box 2: Different incubation times for fibronectin on flat PDMS substrates. 

1. Prepare a 10:1 ratio PDMS solution by weighing 20 g of prepolymer and 2 g 

curing agent in a cup. Use a conditioning mixer to mix and degas the solution. 

2. Spincoat glass coverslips with a thin layer of PDMS by pipetting a small droplet 

of PDMS on the glass substrate. Spincoat for 5 seconds at 500 rpm, followed by 

40 seconds at 5000 rpm to create a ~10 µm thick PDMS layer. 

3. Cure the spincoated glass coverslips at 65°C degrees overnight. 

4. Follow step 10-26 of the protocol. 

5. Incubate for various times with a 50 µg/ml fibronectin solution. i) 5 minutes, ii) 

2x 5 minutes (one wash step with PBS in between the two fibronectin incubation 

times), iii) 30 minutes, iv) no fibronectin (control). 

6. Follow step 28-45 of the protocol. 

After fixation and staining the cells for the actin cytoskeleton and nucleus, we imaged the 

patterned substrates with the Leica DMi8. The results of the different incubation times are 

presented in Figure 6.5. 
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Figure 6.5 hBMSCs on flat PDMS substrates stained for the actin cytoskeleton (green) and nucleus 

(blue). (A) PDMS coated with PEG-SVA (B) PDMS coated with PEG-SVA and incubated with 

fibronectin for 5 minutes. (C) PDMS coated with PEG-SVA, patterned with PRIMO (image taken at an 

unpatterend location) and incubated with fibronectin for 5 minutes. (D) PDMS coated with PEG-SVA, 

patterned (lines, 10 µm width, 10 µm spacing) and incubated with fibronectin for 5 minutes, 2 x 5 

minutes or 30 minutes. Scale bar = 100 µm. 
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6.8 Conclusion and outlook 

 
In this chapter, we described and evaluated a novel approach to generate protein micropatterns 

on curved substrates. The protein line patterns completely covered the semi cylindrical 

substrates while the width and spacing of the lines remained uniform on the top and sides of 

the cylindrical structures. However, non-specific cell attachment outside of the patterned area 

together with the unspread cell morphology has restricted us to further study the 

combinational effect of contact guidance cues and curvature guidance cues. Experiments 

focused on finding the cause of these limitations have revealed that the PEG-SVA passivation 

layer on PDMS is stable and prevents cell attachment, even when the substrate was incubated 

with a fibronectin solution. However, when a substrate with the same passivation treatment 

was used with the patterning device, cells could adhere to the surface outside the patterned 

area, suggesting that the integrity of the PEG layer is impeded also outside the pattern area 

during the printing process. Furthermore, the incubation time of the fibronectin solution 

affects the homogeneity of the adsorbed fibronectin on the patterns and should be optimized 

to facilitate proper cell attachment. Further systematic study aiming at identifying the reasons 

why the PEG passivation layer is impaired outside the pattern area is necessary.   

Eventually, we envision to use the proposed methodology to contribute to a broader 

knowledge on the effect of geometrical cues on the cellular orientation response. The flexibility 

of this approach creates the possibility to vary the direction of the lines, line widths, interline 

spacings, cylinder diameter and curvature sign (convex or concave). We hypothesize that when 

contact guidance and curvature guidance cues are directed in the same direction (i.e. 

micropatterned lines are directed along the longitudinal direction), the cellular alignment 

response will be enhanced. In other words, the cell, nucleus and stress fiber orientation will be 

more directed when both cues are presented in unison, then when only one cue is present 

(Figure 6.6A). Furthermore, we have shown before that hBMSCs show different attachment 

morphologies on convex and concave substrates (Chapter 3 and 4) [82]. On concave surfaces 

cells partially lift of the substrate, thereby avoiding the substrate curvature and adapting to an 

upward stretched morphology. With this morphology, cells are only attached with a few 

distinct attachment points at the cells’ periphery. Therefore, the effect of contact guidance cues 

on concave substrates is expected to be less compared to on convex substrates (Figure 6.6B). 

Changing the interline spacing distance represents another variable. It would be interesting to 

study how interline spacing affects the cellular orientation response on curved substrates 

(Figure 6.6C). Besides multiple lines, many other pattern designs are possible such as a single 

broad line to guide the cell in a specific orientation on the cylindrical substrate (Figure 6.6D,E).   
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Figure 6.6 Possible pattern designs to further investigate the combination of contact guidance and 

curvature guidance cues, varying the (A) direction of the lines, (B) curvature sign, (C) inter-line spacing 

and (D-E) line thickness.   

By smart design of the protein patterns on the curved surfaces one could influence the contact 

area of the cell with the surface, focal adhesion location, cell shape and stress fiber 

organization. This would allow us to further deepen our understanding on the role of  

intracellular components (e.g. focal adhesions, stress fibers and intermediate filaments) on 

geometry sensing and the response to defined geometrical cues. Especially when cells are used 

where a specific intracellular component has been knocked-out (e.g. by lenti-viral transfection). 

With this method, one could isolate the contribution of a particular intracellular component on 

geometry sensing.  

In addition to combining various geometrical cues, the study could be extended by adding 

biochemical cues using subsequent patterning of two (or more) different proteins, thereby 

studying the possible combined effect of various biochemical cues and geometric cues. For 

instance, when two lines of two different proteins are printed and overlaid perpendicular to 

each other in a plus-sign shape on a flat surface, we could study whether a cell has a preference 

for attaching to one protein type over the other type. When these two protein types are 

subsequently patterned in the plus-sign shape on a cylindrical substrate, any possible 

dominance of the biochemical cue or curvature guidance cue on directing cell orientation could 

be revealed.   

In conclusion, we patterned cylindrical substrates of various diameters that mimic vessel or 

fiber structures that can be found in vivo as well as in scaffolds that are for tissue engineering 

purposes. However, the cylinder-on-chip platform can be modified to virtually any geometrical 

structure. Complex 3D geometrical designs can be deconstructed to smaller units and unified 

in a 2.5D chip platform that still represents the geometries present in the 3D structure while 

obtaining the possibility of close microscopic examination and easier manipulation of cues that 

are presented to the cell. The knowledge gained from these studies gives us foremost a better 

fundamental understanding of the geometry sensing machinery and the response to these cues 

on for instance the migration and differentiation behavior of cells. This knowledge could 

ultimately be translated to smart design of microfluidic organ-on-a-chip platforms and tissue 

engineering scaffolds. 
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7. General discussion  



 Chapter 7 

 

130 
 

7.1 Preface 

 
Cell migration is essential in scaffold-based tissue engineering applications to allow sufficient 

cell colonization throughout the scaffold. Moreover, the architecture of the scaffold provides 

geometrical cues to cells. These cues act as cell-instructive parameters that can influence cell 

orientation and migration behavior. Knowledge on how geometric cues can guide cell 

migration and organization is essential for the development of intelligent scaffold designs that 

are aimed at obtaining a native like tissue organization that is often essential for the fulfilment 

of the tissue’s function. In this thesis, we aimed to gain fundamental insights into how cells 

migrate in response to curvature cues at different length scales. We simulated the geometrical 

cues that cells can encounter in scaffolds and studied the cellular migration response towards 

these structures. In this chapter we will summarize our main findings and discuss directions for 

future research.  

 

7.2 Main findings 

 
In chapter 2, we explored the current knowledge on how cells perceive geometrical cues from 

the extracellular environment. Although many observational studies have demonstrated the 

downstream effects of geometrical cues on cell orientation and migration behavior, only 

recently the underlying processes for geometry sensing are being uncovered. Focal adhesion 

location, maturation or stability seem to play a crucial role in the cellular response towards 

contact guidance cues smaller than the size of the cell. On the other hand, stress fiber 

organization and nucleus position and shape seem to have a major contribution in the cellular 

response towards geometrical cues larger than cell size.  The mechanisms with which cells can 

perceive geometrical cues and subsequently respond to them are complex. This is underlined 

by the multitude of reported mechanisms that play a role in the cellular response towards 

contact- and curvature guidance cues. We argued that it is likely a combination of mechanisms 

that contributes to the recognition of the geometrical environment at different length scales, 

which may also be cell type and cue type dependent. This emphasizes the need for a systematic 

approach to study the effect of a specific cue on intracellular components, cell morphology 

and cell behavior. 

In chapter 3, we revealed that isotropic surface curvature in the form of hemi-spherical 

structures (d = 250 – 750 µm) influences human bone marrow stromal cell (hBMSC) migration 

and differentiation. On concave spherical surfaces, hBMSCs lifted their cell body upwards and 

remained only attached at distinct adhesions points. Cells on concave spherical surfaces 

migrated significantly faster compared to cells on flat and convex spherical surfaces. On 

convex spherical surfaces, cells had to adapt their shape to the curved surface. This attachment 

morphology induced nuclear deformation, increased lamin A levels and promoted osteogenic 

differentiation on convex surfaces. From this initial study that demonstrated that hBMSCs can 

sense and respond to isotropic substrate curvatures with radii larger than cell size we next 
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questioned how cells would respond to anisotropic substrate curvatures. Anisotropic substrate 

curvatures can be encountered in scaffolds as well as in vivo. Knowledge on how anisotropic 

substrate curvatures affect cell orientation and migration is therefore of importance for a 

rational scaffold design approach. We studied the influence of anisotropic substrate curvature 

on the orientation and cell migration behavior of hBMSCs. We started with relatively simple 

substrate curvatures in the form of cylindrical structures and added complexity gradually.  In 

chapter 4, we subjected hBMSCs to concave and convex cylindrical surfaces. We observed 

distinct attachment morphologies on concave and convex cylindrical substrates that have a 

substantial effect on the direction of migration, persistence and speed of cells on these 

substrates. The cellular orientation was guided by the tendency to avoid a curved configuration. 

Cells on concave cylindrical substrates avoided the substrate curvature and cell bending by 

lifting upwards off the surface. Since cells can avoid the substrate curvature irrespective of 

their orientation on the cylinder, a directive orientation cue is absent on concave cylindrical 

substrates. On the contrary, on convex cylindrical substrates the cell body is attached to the 

substrate; the curvature that the cell experiences (the perceived curvature) is dependent on the 

cellular orientation. To minimize bending of the cell body and the consequent cytoskeletal and 

nuclear deformations, the cell aligns in the uncurved, longitudinal direction, resulting in a 

persistent migration behavior in this direction. Deviation from this direction forces the cell to 

adapt to a more bent configuration, which is accompanied by a lower migration speed and 

drives the cell to turn back towards the uncurved longitudinal direction. Next, we studied 

hBMSC migration on a torus saddle-point to gain more insight in the migration response 

towards surfaces that contain both convex and concave areas. Time-lapse recordings revealed 

that migrating cells avoided a bent cell morphology by stretching over the concave gap of the 

torus. 

Intrigued by the finding that convex cylindrical structures larger than cell size persistently 

guided migration direction, we next asked whether these mesoscale ‘curvature guidance’ cues 

from the cylindrical structures can compete with the well-known nanoscale contact guidance 

cues. In chapter 5 we explored the impact of geometry on cell migration at two competing 

length scales. We developed a method to deposit thin, isotropic and anisotropic fibrillar 

collagen networks on convex cylindrical substrates. On flat surfaces and at low substrate 

curvatures (cylinder diameter d > 1000 µm) with an anisotropic network of collagen fibrils, cell 

alignment and migration were governed by the nanoscale collagen fibrils, consistent with the 

contact guidance effect. Interestingly, with increasing curvature (cylinder diameter d < 1000 

µm), cells increasingly aligned and migrated along the cylinder axis, the direction of zero 

curvature. This clearly demonstrated that large-scale substrate curvatures up to 10x the size of 

the cells can overrule nanoscale contact guidance effect and should be considered as a major 

influencing factor in the migratory behavior of cells. To better understand what mechanism 

drives curvature guidance towards the longitudinal cylinder axis, we studied the actin 

cytoskeleton and phosphorylated myosin levels to get a closer insight in the stress fiber 

organization and cellular contractility in cells on curved surfaces.  Cells had thick and aligned 

stress fibers when cells were directed in the longitudinal, non-curved direction of a cylinder. 

Lower F-actin levels and higher phosphorylated myosin levels were observed when cells were 
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bent. This indicated that the formation of long and thick actin stress fibers that are required for 

cytoskeletal tension and hBMSC motility is impeded by the curvature of the substrate.  

In chapter 6, we aimed to add even more complexity to the geometry cues that we presented to 

the cells. The possibility to use protein patterning on curved surfaces would allow us to 

combine different contact guidance cues and curvature guidance cues in one experimental 

system. Varying protein line thickness and spacing on cylindrical substrates of different 

diameters would create the opportunity to study the cellular response towards a multitude of 

highly defined hierarchical geometrical cues. Particularly interesting would be to study the 

effect of these combined geometrical cues on focal adhesions, nucleus, cytoskeleton and 

overall cell morphology in order to further unravel the geometry sensing mechanisms of cells. 

Fibronectin lines were successfully patterned on the cylindrical structures. However, many 

technical difficulties remained that resulted in undesired cell attachment outside the patterned 

areas. We provided a description of the numerous exciting research possibilities with the 

patterning technique, a protocol and a detailed explanation of the limitations and the different 

approaches that we pursued to overcome the current limitations. It is our hope that this 

chapter will inspire and help researchers to make this technique a success in the near future to 

further explore the cellular response towards multicue geometrical environments.   

In short, we studied single cell orientation and migration behavior in response to spherical, 

cylindrical and toroidal structures with diameters ranging from 200 µm to 5000 µm. Our results 

demonstrate that cell orientation and migration are largely affected by substrate curvatures 

larger than the size of the cell. This demonstrates that curvature guidance should be considered 

as an important design parameter in scaffold designs. Our experiments were performed with 

hBMSCs on a PDMS chip which was produced by a molding process. This experimental set-

up allows many modifications and extensions, such as the use of difference cell types, other 

substrate materials etc. In the following paragraph we will reflect on the experimental set-up 

and describe the possibilities for further investigation in this field of research.   

 

7.3 Challenges and future research directions 

 
Experimental platforms with highly defined and reproducible characteristics have been used to 

identify and understand the cellular response towards a specific cue [59]. The ability to isolate 

and control a single cue gives the opportunity to determine the contribution of this cue 

towards changes in the intracellular environment and subsequent cellular behavior. 

Furthermore, cells attached to these minimal experimental platforms can be imaged at high 

resolution over prolonged periods of time. While these experimental platforms have the 

capacity to provide us with detailed knowledge and understanding of the influence of the 

environment on a cellular outcome, they are a highly simplified environment that is far from 

the natural environment in vivo. A promising strategy would be to stepwise add complexity to 

these experimental platforms in a controllable way one cue at a time. With this approach we 
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could gradually build our understanding of environmental parameters on cell behavior towards 

more native 3D environments.   

 

7.3.1  Adding complexity to the experimental platform 

 

In the research presented in this thesis, we already made a step closer towards a 3D situation 

by moving away from purely 2D surfaces or topographies with straight edges. The 2.5D (also 

called pseudo-3D) curved substrates give a closer approximation of geometries that cells can 

experience in scaffolds and natural tissues. Furthermore, we added complexity by adding other 

geometrical guidance cues in chapter 5 and 6. This experimental platform (or novel systems 

inspired by this platform) allows the incorporation of many more chemical, physical and 

mechanical cues.  

 

7.3.1.1  Substrate stiffness 

 

Cells can probe the stiffness of the substrate and adjust their behavior accordingly 

[133,209,210]. In our experiments, the stiffness of the underlying substrate was in the MPa 

range [211]. At this level of stiffness, cell tensional forces can only cause a minor straining of 

the substrate. The substrate can therefore be considered as undeformable. On the contrary, 

substrates with Young’s moduli in the kPa-range have a pronounced effect on cell morphology 

and function [229]. On soft substrates (∼1 kPa) cells have dynamic adhesion complexes and 

show more circular shapes. On stiffer substrates (∼30-100 kPa) cells show stable focal 

adhesions, have a polarized cell shape and are more contractile [230,231]. Substrate stiffness 

was also shown to have an impact on nuclear mechanics, gene expression and cell 

differentiation [103]. In chapter 2 and 3 we described how geometrical cues can induce nuclear 

deformation through compressing forces of the actin cap fibers and how this can subsequently 

affect the cellular response. The nucleus is the stiffest organelle in the cell (0.1 to 10 kPa) [21]. 

It was shown that when cells are cultured on substrates that are softer than the nuclei, cells 

deformed the substrate more than that the nuclei were deformed [154,155]. For this reason, 

the geometry-induced nuclear deformation observed on stiff substrates could potentially be 

very different on softer substrates. We showed that the cell morphology plays an important 

role in the response towards convex and concave substrate curvatures. In our experiments cells 

showed a polarized morphology and pronounced stress fibers indicating a high cellular 

contractility on the stiff (∼1.5-2 MPa) convex cylindrical structures. Our studies indicated that 

the curvature guidance effect is initiated by the cells’ tendency to avoid a bent morphology in 

order to be able to form linear and functional stress fibers. However, on soft substrates (∼1 

kPa) cells show a lesser degree of spreading and less or even the absence of contractile strong 
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stress fibers [230]. Tissue stiffness varies greatly between different tissues in vivo[210]. Tissue 

stiffness can also increase due to a disease, for instance in cancer. Moreover, tissue stiffness 

can influence tumor progression [232]. It would therefore be relevant to study how cells 

respond towards curved substrates of different stiffnesses.   

A gradient in substrate stiffness can induce directed cell migration (termed durotaxis). Several 

cell types, such as fibroblasts, smooth muscle cells and mesenchymal stem cells (MSCs) have 

been shown to migrate from the softer towards stiffer regions on a substrate [233]. For 

durotaxis, a cell must be able to detect a difference in substrate stiffness across the cell body, 

followed by polarization and finally migration along that direction [234]. The conditions of the 

stiffness gradients that are required to induce durotaxis are cell type specific and include the 

gradient range (in kPa/µm) and also the absolute Young’s modulus of the soft area [235]. Very 

precise spatial control of stiffness gradients is possible with the use of photolithography and 

photodegradable hydrogels [236]. Combining durotaxis and curvature guidance in an 

experimental set-up could contribute to our understanding of the synergy or competition 

between geometrical and mechanical cues in governing cell orientation and migration behavior. 

Curvature guidance alone provides orientation cues to cells, but cells can move back and forth 

along the curvature guidance cue. Adding a stiffness gradient along the longitudinal axis of a 

cylindrical substrate could guide the migration orientation and direction. In addition, an 

interesting situation would be to apply a stiffness gradient in the circumferential direction of 

convex cylinder to create a conflict in directing durotaxis and curvature guidance cues. 

However, the length scale over which the stiffness gradient can be applied (i.e. the diameter of 

the cylinder), might be too short to induce a noticeable durotaxis effect.  

Photochemistry further allows the creation of responsive and dynamic materials [237]. Using a 

focused laser on photodegradable PEG hydrogels allows precise spatiotemporal control over 

the mechanical properties of the substrate. Yang et al. presented a method where human MSCs 

were initially cultured on a PEG hydrogel with a Young’s modulus of ∼10 kPa. This substrate, 

with the cells attached, was subsequently exposed to light (λ = 365 nm; I = 10 mW cm−2) for 

360 s to induce softening of the hydrogel (∼2 kPa) [238]. It would be fascinating to develop a 

method inspired by the above described technique on curved substrates and combined with 

live cell imaging of cells with fluorescently labelled actin cytoskeleton and focal adhesion 

proteins (e.g. vinculin or talin). A prerequisite for this approach is that the light that is used to 

modulate the stiffness of the substrate can be applied in a microscope set-up and does not 

harm cell viability.  
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7.3.1.2.  Spatiotemporal control of substrate topography 

 

Light responsive materials can also be used to dynamically change the substrate topography. 

Dynamic control of substrate shape in combination with time lapse microscopy would allow us 

to study the immediate effect of a specific geometry or topography on the (intra)cellular 

response. Furthermore, reversible turning “on” and “off” of substrate topographies would 

allow us to study whether cells have a topographic memory.  

The structure of a polymeric network of photoresponsive hydrogels or liquid crystal polymer 

networks can change upon exposure to light, leading to a change in surface topography [239]. 

Hendrikx et al. recently presented a light responsive material where surface structures can be 

dynamically formed and removed by using green (λ = 530 nm, I = 6 mW cm−2) and blue (λ = 

455 nm; I < 1 mW cm−2) light, respectively, even in the absence of a mask [240]. 

Photoresponsive materials were also shown to be compatible with 3T3 fibroblasts cells 

[240,241]. The height changes were in the range of nm to several µm [240–242]. It would be 

interesting for the curvature guidance research if these dynamic materials could be produced 

with height differences around several hundreds of µm.  

 

7.3.1.3  Mechanical loading 

 

Whereas substrate stiffness is considered as a passive mechanical cue, mechanical stretching 

applies an active mechanical signal to adherent cells. Such cues especially play an important 

role in the cardiovascular system. Mechanical stretching is an effective cue for the regulation of 

cell morphology and orientation. On 2D substrates with an applied cyclic uniaxial strain, 

adherent cell types (such as fibroblasts, smooth muscle cells and endothelial cells) were shown 

to orient perpendicular to the strain direction [217]. This reorientation in the direction of the 

least substrate deformation is termed strain avoidance. Several studies have combined 

mechanical stretching and topographical cues to investigate the competition of these two cues 

[86,87,226,243]. The cellular orientation response depends on many factors such as cell type, 

topographical cue size and shape and parameters of the mechanical stretching such as 

frequency, duration and magnitude [217]. Tamiello et al. demonstrated that distinct types of 

actin fibers differentially respond to combined contact guidance and uniaxial cyclic strain cues 

when both cues are applied in the same direction. The shorter basal actin fibers below the 

nucleus oriented in the direction of contact guidance cues, while the longer and thicker 

perinuclear actin fibers oriented away from the cyclic strain direction in a strain avoidance 

response [226]. Furthermore, it was shown that the cellular response towards the active 

mechanical stretching and passive topographical cues were highly time-dependent. For 

instance, aligned cells on micro/nanostructures reoriented in response to applied cyclic strain, 

but after removal of the strain cell orientation towards the topographical cues recovered [243]. 
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Together, this highlights that if curvature guidance cues should be combined with mechanical 

stretching in the future, time-lapse imaging of the actin cytoskeleton during the application of 

cyclic stretch is desirable. It would be interesting to apply cyclic strain in the longitudinal 

direction of fibers with various diameters. Since mechanical stretching of the current cell 

culture chip used for the experiments described in this thesis is not possible, an extensive 

redesign of the experimental set-up will be necessary. Inspiration for a novel experimental set-

up could for instance be drawn from the artery-on-a-chip device that allows controlled cyclic 

stretching of a cell culture substrate [244].  

 

7.3.1.4  Chemotaxis  

 

Cell migration processes in health and disease are often guided by a gradient of a soluble factor 

[245]. Cells can detect soluble factors with specific membrane receptors and chemical gradients 

are recognized through a local excitation/global inhibition mechanism [234]. This sensing 

mechanism is fundamentally different from the sensing mechanisms of the above mentioned 

environmental parameters (such as stiffness, geometry and strain) where cell-matrix 

interactions and the cytoskeleton play a major role in detecting these specific substrate 

properties. Combining curvature guidance cues (e.g. in the form of a continuous sinusoidal, 

wavy substrate) with a chemical gradient would broaden our knowledge on combined 

geometrical and chemical cues on cell migration. The concentration and, moreover, steepness 

in concentration gradient of the chemical cue play important roles in the chemotaxis migratory 

response [186]. Microfluidic systems allow high spatial and temporal control of chemical 

gradients [245]. In an ideal experimental set-up, high resolution time lapse imaging of the actin 

cytoskeleton, focal adhesions and nucleus before, during, and after a chemical gradient is 

applied to the system could potentially give us more insight in cellular migratory process in 

response to combined curvature guidance cues and chemotaxis cues.  

 

7.3.1.5  Collective cell migration 

 

In this thesis, we focused on single cell migration, a situation where cells are not in contact 

with other cells. However, in many physiological processes -including wound healing and tissue 

regeneration- cells migrate in a group of cells termed collective cell migration [246]. In 

collective cell migration, the actin cytoskeleton of multiple cells is connected through cell-cell 

junctions [247]. This interconnection allows the transmission of intracellular forces from cell to 

cell over distances of multiple cell diameters [248]. At the front of a migrating cell collective, 

leader cells generate cell-substrate traction forces. Follower cells at the rear generate also 

traction forces through cryptic lamellipodia that extend underneath the surrounding cells [247]. 
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The traction forces that are generated by both the leader and follower cells were found to be 

strongly heterogeneous and fluctuate in space and time [249]. Thus, collective migration 

involves the integration of highly heterogeneous intercellular signals in addition to the 

extracellular signals that the cells receive from the environment. The additional gateway of 

force transmission adds complexity to the experimental system. As forces can be transmitted 

through cell-cell connections in addition to the cell-ECM connection, understanding the effect 

of an extracellular cue on collective cell migration is more challenging in comparison to single 

cell migration. In the future it is of interest to explore further how cells experience and 

respond to curved surfaces in collective cell migration.   

 

7.3.2  Influence of substrate curvature on other cell types  

 

We already discussed earlier in chapter 5 that the cellular orientation and migration response is 

likely dependent on cell type and cell size. For instance, endothelial cells that possess a cortical 

cytoskeleton tend to wrap around a cylindrical structure in the circumferential direction in 

contrast to cells with aligned stress fibers that show alignment in the longitudinal direction 

[83,108,111,176,177].  The experiments presented in this thesis were all carried out with 

hBMSCs as these cells play an important role in tissue regeneration [6,7]. Besides the hBMSCs 

(cell diameter ≈ 100 µm) we also performed some preliminary studies involving human vena 

saphena cells (HVSCs), earlier characterized as myofibroblasts [250]. These cells have a cell 

diameter around 200 µm. Interestingly, hardly any cells were observed on cylindrical structures 

with a diameter ≤ 350 µm. We hypothesize that these contractile cells have difficulty to 

function in a bent configuration and actively migrate off the highly curved surfaces. 

Comparison of our work and previous studies suggests that the organization of the 

cytoskeleton  and the cellular contractility are involved in the cellular response towards 

anisotropic curved structures [83,109,111]. In the future it is of importance to expand our 

knowledge of the effect of substrate curvature on other cell types. It would be especially 

interesting to measure the cellular contractility on the curved structures, for instance with 

traction force microscopy or using tension probes [251,252].   

Another cell type that caught our attention is the macrophage. Macrophages play a key role in 

the first response of the body to an implanted scaffold. Macrophages can show a plasticity in 

their phenotypes, ranging from a pro-inflammatory (M1) response to a pro-

healing/regenerative (M2) phenotype [253]. Macrophages can adopt an amoeboid migration 

mode as well as a mesenchymal migration mode and it has been shown that macrophages 

adapt their migration mode in response to the matrix architecture [254]. Guiding the 

macrophage response using the scaffold architecture is a compelling method to direct the 

inflammatory response and ultimately guide tissue formation without biochemical additives. It 

was demonstrated before that macrophages show a pro-healing M2 phenotype when 

macrophages were forced to adapt to an elongated cell shape by culturing cells on micro 
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contact printed lines [255].  This suggests that the phenotypic response of macrophages can be 

actively guided by controlling the cell’s shape. It is of interest to further explore whether the 

phenotype of macrophages can also be influenced by scaffold design characteristics, such as 

strut surface curvature.  

Besides different cell types it can also be of interest to study cells with compromised sensing 

and responding towards environmental cues as is the case in certain pathologies (e.g. in 

laminopathies) [256,257]. Changes in the mechanotransduction pathway affects the cellular 

response towards extracellular cues in comparison to healthy cells [258].  Furthermore, aging 

has also been shown to affect the cellular migration response towards topographical cues [259]. 

It was recently shown on a grooved surface (ridge with 2-10 µm) that human endothelial cells 

from young (≤ 31 years old) donors migrated faster compared to cells from older (≥ 60 years 

old) donors. However, cells from older donors showed higher directionality and a longer 

persistence time on deep and narrow ridges. The authors hypothesized that aging leads to 

changes in the F-actin network, actin polarization and proteins relevant for migration steering 

(such as the Arp2/3 complex) which could influence the cell migration process [259]. To 

clearly understand why and how the cellular response towards curved surfaces differs between 

cell types, healthy and diseased cells and cells from young and older donors, it is crucial to 

develop a deeper insight in the role of intracellular components in curvature sensing.  

 

7.3.3  Understanding the role of intracellular components in curvature sensing  

 

In our experiments we primarily focused on the organization of the actomyosin cytoskeleton in 

order to better understand the cellular migration response on curved substrates. We note that 

many other cytoskeletal components play a role in the cellular migratory behavior. To increase 

our understanding of the curvature sensing mechanism and its subsequent effect on the cellular 

migration response, it is of interest to gain further knowledge on the role of intracellular 

components in curvature sensing. As the number of intracellular components can almost be 

considered as infinite, we highlight here a few intracellular components that are of interest to 

further study in relation to the cellular curvature sensing and response mechanism in the near 

future. 

Small Rho-GTPases are molecular switches that regulate actin polarization and retraction and 

thereby coordinate cell migration [260]. Cell migration requires precise spatio-temporal control 

of actin polymerization. In one part of the cell, actin polymerization needs to be promoted in 

order to form a leading edge, while actin polymerization needs to be limited in the rear of the 

cell [260]. Rac stimulates the formation of lamellipodia while CDC42 activation promotes 

filopodia formation. Activation of Rac and CDC42 leads to the activation of the Arp2/3 

complex. Arp2/3 nucleates new actin filaments from existing filaments and can therefore 

coordinates the branching of the actin cytoskeleton [261]. Thus, if Arp2/3 is inhibited, existing 
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actin filaments can continue to grow, but branching of new actin filaments is prevented.  

Ramirez-San Juan et al. recently showed that Arp2/3 inhibition promotes contact guidance on 

2D micropatterned parallel fibronectin lines (width 2 µm, spacing 3, 5 or 10 µm). Arp2/3 

inhibited 3T3 fibroblasts were more elongated, cell protrusions were smaller and the 

localization of the protrusions were almost exclusively directed along the fibronectin lines 

[162]. In chapter 4, we showed the clear difference in hBMSC morphology when cells were 

attached to convex or concave cylindrical substrates. On convex cylindrical substrates, cells 

attained a polarized elongated cell morphology, while cells on concave cylindrical substrates 

showed many cell extensions in all directions. It would be interesting to observe how the 

cellular morphology and subsequent migration behavior on cylindrical substrates is affected 

when the Arp2/3 complex is inhibited in hBMSCs. We hypothesize that the migration 

behavior on concave cylindrical substrates is more affected in comparison to the migration of 

convex cylindrical substrates by this inhibition as the dynamic formation of new cell extensions 

that is normally observed is prohibited. RhoA is another small GTP-ase, which is involved in 

coordinating cellular contractility [261]. In the previous paragraph, we discussed that a 

difference in the global cellular contractility between different cell types may contribute to a 

distinct cellular response towards curved substrates in different cell types. Actomyosin 

contractility coordinated by the Rho pathway can be influenced in the whole cell by chemical 

substances such as Rho kinase (ROCK) inhibitor Y-27632 [162]. However, to study the local 

differences in the Rho-activated actomyosin contractility in the cell, a method that can 

manipulate Rho with high spatiotemporal accuracy is required. Developments in optogenetics 

allow accurate subcellular activation of RhoA using light (100–200ms long laser pulses at λ = 

488 nm with power of ∼2 mW). This subcellular control of local forces with micrometer 

resolution could give the opportunity to further study the role of actomyosin contractility in 

cellular mechanosensing [262]. 

Besides the organization and dynamics of the actin cytoskeleton it is of importance to consider 

the other fibers of the cytoskeleton, intermediate filaments and microtubules, as other players 

that could contribute to the cellular sensing and response mechanism on curved substrates. 

Chemical substances can be used to inhibit specific cytoskeletal elements. The downside of 

these substances is that they can also influence other cytoskeletal components. For instance, 

Nocodazole prohibits the polymerization of microtubules. In theory, this would allow for the 

investigation of the cellular response towards curved substrates in the absence of microtubules. 

Thereby allowing us to gain more knowledge on the contribution of microtubules in the 

cellular response towards curved substrates. However, Nocodazole also increases the cellular 

contractility [263–265]. Since the effect of this substance is not exclusive towards one specific 

cytoskeletal element or property, it is difficult to extract the contribution of microtubules 

towards the cellular recognition and response of curved substrates with this approach. Knock-

out cells, in which one specific cytoskeletal component is absent, provide a better opportunity 

to study the role of that component on curvature sensing.  

We and others have reported about the involvement of the nucleus in the cellular response 

towards substrate curvatures [26,82,106]. To gain a deeper understanding of the curvature 
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guidance response on anisotropic curvatures, it is of high interest to further investigate the 

involvement of the nucleus in curvature sensing. Future studies could for instance employ 

enucleated cells and lamin A deficient cells. Time lapse imaging of cells with fluorescently 

labeled lamin A that migrate on concave and convex substrate curvatures could give further 

insight in the mechanoresponse of the nucleus towards the geometry of the environment. 

Another point of interest would be studying the effect of substrate curvature on 

mechanoresponsive nuclear pores [266].  

The current experimental set-up proved to be an ideal platform to study cell migration on a 

wide variety of geometrical structures. The set-up allows high control of the geometrical cues 

that cells experience and the ability to perform time lapse confocal imaging. However, our 

biochemical read-out to study the actomyosin cytoskeleton was limited to 

immunohistochemical methods. The wide variety of different geometrical structures on one 

chip in combination with a preset automatic microscopy stage is beneficial for cell migration 

experiments as it allows capturing a large data set in every experimental run. The downside is 

that it prohibits the use of methods like qPCR or Western Blots as many substrate geometries 

are present on one single sample. Extraction of cells from a sample will result in a mixture of 

cells that were attached to different geometries. Designing chips that contain only one type of 

geometrical structure will not solve this challenge, since a convex surface cannot exist without 

concave areas surrounding the structure, and vice versa, on a 2.5D chip. Culturing cells on a 

true 3D structure which still present cells with one single geometrical cue such as a (convex) 

cylindrical rod would allow the use of read-out methods such as qPCR. However, this 

approach has a limitation in the amount of different geometrical structures that are possible to 

be studied. Furthermore, the ease of handling the samples in the experiments is reduced. 

Further exploration of single-cell readouts that are possible on the 2.5D platform are 

recommended to advance and delineate our mechanistic insight of cellular curvature sensing 

[267].  

 

7.4 Conclusion 

 
In this thesis, we studied the orientation and migration behavior of hBMSCs towards substrate 

curvatures with radii larger than the cell size. Our results show that hBMSCs dynamically adopt 

distinct migration modes on concave and convex substrates that are governed by the perceived 

curvature and the cell’s attachment morphology. hBMSCs actively avoid high surface 

curvatures, either by turning towards a direction of least curvature (on convex cylinders) or by 

lifting of the surface and stretching between distinct adhesion points (on concave surfaces). 

Convex cylindrical surfaces of up to 10x cell size can play a dominant role in hBMSC 

alignment and migration, even overruling the effect of (nanoscale) contact guidance. This 

highlights that the macroarchitecture of native tissues and biomaterials can actively guide the 

direction of cell migration. The experimental platform presented in this thesis opens up various 

new possibilities to systematically investigate the cellular sensing mechanism and response to 
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an increasingly complex environment. This information can contribute to a novel rational 

design approach for biomaterial scaffolds to control cell alignment.  



 

 

 

 

 



 

143 

 

Bibliography 

 

1. Aman A, Piotrowski T. 2010 Cell migration during morphogenesis. Dev. Biol. 341, 20–33. 
(doi:10.1016/j.ydbio.2009.11.014) 

2. Moreau HD, Piel M, Voituriez R. 2018 Integrating Physical and Molecular Insights on Immune 
Cell Migration. Trends Immunol. 39, 632–643. (doi:10.1016/j.it.2018.04.007) 

3. Rognoni E, Watt FM. 2018 Skin Cell Heterogeneity in Development , Wound Healing , and 
Cancer. Trends Cell Biol. 28, 709–722. (doi:10.1016/j.tcb.2018.05.002) 

4. Fong ELS, Chan CK, Goodman SB. 2011 Stem cell homing in musculoskeletal injury. 
Biomaterials 32, 395–409. (doi:10.1016/j.biomaterials.2010.08.101) 

5. Dan P, Velot É, Decot V, Menu P. 2015 The role of mechanical stimuli in the vascular 
differentiation of mesenchymal stem cells. J. Cell Sci. 128, 2415–22. (doi:10.1242/jcs.167783) 

6. Liu Z-J, Zhuge Y, Velazquez OC. 2009 Trafficking and differentiation of mesenchymal stem 
cells. J. Cell. Biochem. 106, 984–91. (doi:10.1002/jcb.22091) 

7. Andreas K, Sittinger M, Ringe J. 2014 Toward in situ tissue engineering : chemokine-guided 
stem cell recruitment. Trends Biotechnol. 32, 483–492. (doi:10.1016/j.tibtech.2014.06.008) 

8. Friedl P, Gilmour D. 2009 Collective cell migration in morphogenesis, regeneration and cancer. 
Nat. Rev. Mol. Cell Biol. 10, 445–457. (doi:10.1038/nrm2720) 

9. Ko IK, Lee SJ, Atala A, Yoo JJ. 2013 In situ tissue regeneration through host stem cell 
recruitment. Exp. Mol. Med. 45, e57–11. (doi:10.1038/emm.2013.118) 

10. Chen F, Wu L, Zhang M, Zhang R, Sun H. 2011 Homing of endogenous stem/progenitor cells 
for in situ tissue regeneration: Promises, strategies, and translational perspectives. Biomaterials 32, 
3189–3209. (doi:10.1016/j.biomaterials.2010.12.032) 

11. Li Q, Ma L, Gao C. 2015 Biomaterials for in situ tissue regeneration : development and 
perspectives. J. Mater. Chem. B 3, 8921–8938. (doi:10.1039/C5TB01863C) 

12. Daley WP, Peters SB, Larsen M. 2008 Extracellular matrix dynamics in development and 
regenerative medicine. J. Cell Sci. 121, 255–264. (doi:10.1242/jcs.006064) 

13. Van Haaften EE, Bouten CVC, Kurniawan NA. 2017 Vascular Mechanobiology: Towards 
Control of In Situ Regeneration. Cells 6, 1–24. (doi:10.3390/cells6030019) 



 Bibliography 

 

144 
 

14. Lauffenburger DA, Horwitz AF. 1996 Cell migration: a physically integrated molecular process. 
Cell 84, 359–369. 

15. Reig G, Pulgar E, Concha ML. 2014 Cell migration : from tissue culture to embryos. Development 
141, 1999–2013. (doi:10.1242/dev.101451) 

16. Sun Z, Guo SS, Fässler R. 2016 Integrin-mediated mechanotransduction. J. Cell Biol. 215, 1–12. 
(doi:doi.org/10.1083/jcb.201609037 JCB) 

17. DuFort C, Paszek M, Weaver V. 2011 Balancing forces: architectural control of 
mechanotransduction. Nat. Rev. Mol. Cell Biol. 12, 308–319. (doi:10.1038/nrm3112.Balancing) 

18. Eyckmans J, Boudou T, Yu X, Chen CS. 2011 A hitchhiker’s guide to mechanobiology. Dev. Cell 
21, 35–47. (doi:10.1016/j.devcel.2011.06.015) 

19. Ingber DE. 1997 Tensegrity: The Architectural Basis of Cellular Mechanotransduction. Annu. 
Rev. Physiol. 59, 575–599. (doi:10.1146/annurev.physiol.59.1.575) 

20. Elosegui-Artola A, Trepat X, Roca-cusachs P. 2018 Control of Mechanotransduction by 
Molecular Clutch Dynamics. Trends Cell Biol. 28, 356–367. (doi:10.1016/j.tcb.2018.01.008) 

21. Helvert S Van, Storm C, Friedl P. 2018 Mechanoreciprocity in cell migration. Nat. Cell Biol. 20, 
8–20. (doi:10.1038/s41556-017-0012-0) 

22. Wang N, Tytell JD, Ingber DE. 2009 Mechanotransduction at a distance: mechanically coupling 
the extracellular matrix with the nucleus. Nat. Rev. Mol. Cell Biol. 10, 75–82. 
(doi:10.1038/nrm2594) 

23. Kurniawan NA, Bouten CVC. 2018 Mechanobiology of the cell – matrix interplay: Catching a 
glimpse of complexity via minimalistic models. Extrem. Mech. Lett. 20, 59–64. 
(doi:10.1016/j.eml.2018.01.004) 

24. Gilchrist CL, Ruch DS, Little D, Guilak F. 2014 Micro-scale and meso-scale architectural cues 
cooperate and compete to direct aligned tissue formation. Biomaterials 35, 10015–24. 
(doi:10.1016/j.biomaterials.2014.08.047) 

25. Do A, Khorsand B, Geary SM, Salem AK. 2015 3D Printing of Scaffolds for Tissue 
Regeneration Applications. Adv. Healthc. Mater. 4, 1742–1762. (doi:10.1002/adhm.201500168) 

26. Anselme K, Wakhloo NT, Rougerie P, Pieuchot L. 2018 Role of the Nucleus as a Sensor of Cell 
Environment Topography. Adv. Healthc. Mater. 1701154, 1–17. (doi:10.1002/adhm.201701154) 

27. Heljak MK, Kurzydlowski KJ, Swieszkowski W. 2017 Computer aided design of architecture of 
degradable tissue engineering scaffolds. Comput. Methods Biomech. Biomed. Engin. 20, 1623–1632. 
(doi:10.1080/10255842.2017.1399263) 

28. Fratzl P, Weinkamer R. 2007 Nature’s hierarchical materials. Prog. Mater. Sci. 52, 1263–1334. 
(doi:10.1016/j.pmatsci.2007.06.001) 



Bibliography  
 

145 

 

29. Weiner S, Wagner HD. 1998 The Material Bone: Structure-Mechanical Function Relations. 
Annu. Rev. Mater. Sci. 28, 271–298. (doi:10.1146/annurev.matsci.28.1.271) 

30. Rho J, Kuhn-Spearing L, Zioupos P. 1998 Mechanical properties and the hierarchical structure 
of bone. Med. Eng. Phys. 20, 92–102. (doi:10.1016/S1350-4533(98)00007-1) 

31. Kew SJ et al. 2011 Regeneration and repair of tendon and ligament tissue using collagen fibre 
biomaterials. Acta Biomater. 7, 3237–3247. (doi:10.1016/j.actbio.2011.06.002) 

32. Bouten CVC, Dankers PYW, Driessen-mol A, Pedron S, Brizard AMA, Baaijens FPT. 2011 
Substrates for cardiovascular tissue engineering. Adv. Drug Deliv. Rev. 63, 221–241. 
(doi:10.1016/j.addr.2011.01.007) 

33. Loerakker S, Argento G, Oomens CWJ, Baaijens FPT. 2013 Effects of valve geometry and 
tissue anisotropy on the radial stretch and coaptation area of tissue-engineered heart valves. J. 
Biomech. 46, 1792–1800. (doi:10.1016/j.jbiomech.2013.05.015) 

34. Holzapfel GA, Gasser TC, Ogden RAYW. 2000 A New Constitutive Framework for Arterial 
Wall Mechanics and a Comparative Study of Material Models. J. Elast. 61, 1–48. 
(doi:10.1023/A:1010835316564) 

35. Parker KK, Ingber DE. 2007 Extracellular matrix, mechanotransduction and structural 
hierarchies in heart tissue engineering. Phil. Trans. R. Soc. B 362, 1267–1279. 
(doi:10.1098/rstb.2007.2114) 

36. Jaalouk DE, Lammerding J. 2009 Mechanotransduction gone awry. Nat. Rev. Mol. Cell Biol. 10, 
63–73. (doi:10.1038/nrm2597) 

37. Kurniawan NA, Chaudhuri PK, Lim CT. 2016 Mechanobiology of cell migration in the context 
of dynamic two-way cell – matrix interactions. J. Biomech. 49, 1355–1368. 
(doi:10.1016/j.jbiomech.2015.12.023) 

38. Scarpa E, Mayor R. 2016 Collective cell migration in development. J. Cell Biol. 212, 143–155. 
(doi:10.1083/jcb.201508047) 

39. Provenzano PP, Eliceiri KW, Campbell JM, Inman DR, White JG, Keely PJ. 2006 Collagen 
reorganization at the tumor-stromal interface facilitates local invasion. BMC Med. 16, 1–15. 
(doi:10.1186/1741-7015-4-38) 

40. Chartrain NA, Williams CB, Whittington AR. 2018 A review on fabricating tissue scaffolds 
using vat photopolymerization. Acta Biomater. 74, 90–111. (doi:10.1016/j.actbio.2018.05.010) 

41. Paxton NC, Powell SK, Woodruff MA. 2016 Biofabrication: The Future of Regenerative 
Medicine. Tech. Orthop. 31, 190–203. (doi:10.1097/BTO.0000000000000184) 

42. Yoo DJ. 2011 Porous scaffold design using the distance field and triply periodic minimal 
surface models. Biomaterials 32, 7741–54. (doi:10.1016/j.biomaterials.2011.07.019) 



 Bibliography 

 

146 
 

43. Park CH, Kim K, Lee Y-M, Giannobile W V, Seol Y-J. 2017 3D Printed, Microgroove Pattern-
Driven Generation of Oriented Ligamentous Architectures. Int. J. Mol. Sci. 18, 1–13. 
(doi:10.3390/ijms18091927) 

44. Kim JI, Kim CS. 2018 Nanoscale Resolution 3D Printing with Pin-Modified Electrified Inkjets 
for Tailorable Nano/Macrohybrid Constructs for Tissue Engineering. ACS Appl. Mater. Interfaces 
10, 12390–12405. (doi:10.1021/acsami.7b19182) 

45. Pilipchuk SP, Monje A, Jiao Y, Hao J, Kruger L, Flanagan CL, Hollister SJ, Giannobile W V. 
2016 Integration of 3D Printed and Micropatterned Polycaprolac- tone Scaffolds for Guidance 
of Oriented Collagenous Tissue Formation In Vivo. Adv. Healthc. Mater. 5, 676–687. 
(doi:10.1002/adhm.201500758) 

46. Jahnavi S, Arthi N, Pallavi S, Selvaraju C, Bhuvaneshwar GS, Kumary T V, Verma RS. 2017 
Nanosecond laser ablation enhances cellular in filtration in a hybrid tissue scaffold. Mater. Sci. 
Eng. C 77, 190–201. (doi:10.1016/j.msec.2017.03.159) 

47. Li H, Wong YS, Wen F, Ng KW, Ng GKL, Venkatraman SS, Boey FYC, Tan LP. 2013 Human 
Mesenchymal Stem-Cell Behaviour On Direct Laser Micropatterned Electrospun Scaffolds with 
Hierarchical Structures. Macromol. Journals 13, 299–310. (doi:10.1002/mabi.201200318) 

48. Taskin MB, Xia D, Besenbacker F, Dong M, Chen M. 2017 Nanotopography featured 
polycaprolactone/ polyethyleneoxide microfibers modulate endothelial cell response. Nanoscale 
9, 9218–9229. (doi:10.1039/c7nr03326e) 

49. Zhang W, Mele E. 2018 Phase separation events induce the coexistence of distinct nanofeatures 
in electrospun fi bres of poly ( ethyl cyanoacrylate ) and polycaprolactone. Mater. Today Commun. 
16, 135–141. (doi:10.1016/j.mtcomm.2018.05.005) 

50. Bourdon L et al. 2018 Improvements in Resolution of Additive Manufacturing : Advances in 
Two-Photon Polymerization and Direct-Writing Electrospinning Techniques. ACS Biomater. Sci. 
Eng. 4, 3927–3938. (doi:10.1021/acsbiomaterials.8b00810) 

51. Blanquer SBG, Werner M, Hannula M, Sharifi S, Lajoinie GPR, Eglin D, Hyttinen J, Poot AA, 
Grijpma DW. 2017 Surface curvature in triply-periodic minimal surface architectures as a 
distinct design parameter in preparing advanced tissue engineering scaffolds. Biofabrication 9, 1–
12. (doi:10.1088/1758-5090/aa6553) 

52. Kapfer SC, Hyde ST, Mecke K, Arns CH, Schröder-Turk GE. 2011 Minimal surface scaffold 
designs for tissue engineering. Biomaterials 32, 6875–82. (doi:10.1016/j.biomaterials.2011.06.012) 

53. Yoo D. 2013 New paradigms in hierarchical porous scaffold design for tissue engineering. Mater. 
Sci. Eng. C 33, 1759–1772. (doi:10.1016/j.msec.2012.12.092) 

54. Yang N, Zhou K. 2014 Effective method for multi-scale gradient porous scaffold design and 
fabrication. Mater. Sci. Eng. C 43, 502–505. (doi:10.1016/j.msec.2014.07.052) 



Bibliography  
 

147 

 

55. Yang N, Quan Z, Zhang D, Tian Y. 2014 Computer-Aided Design Multi-morphology transition 
hybridization CAD design of minimal surface porous structures for use in tissue engineering. 
Comput. Des. 56, 11–21. (doi:10.1016/j.cad.2014.06.006) 

56. Yu Y-Z, Zheng L-L, Chen H-P, Chen W-H, Hu Q-X. 2014 Fabrication of hierarchical 
polycaprolactone / gel scaffolds via combined 3D bioprinting and electrospinning for tissue 
engineering. Adv. Manuf. 2, 231–238. (doi:10.1007/s40436-014-0081-2) 

57. Kelly CN, Miller AT, Hollister SJ, Guldberg RE, Gall K. 2018 Design and Structure – Function 
Characterization of 3D Printed Synthetic Porous Biomaterials for Tissue Engineering. Adv. 
Healthc. Mater. 1701095, 1–16. (doi:10.1002/adhm.201701095) 

58. Zadpoor AA. 2017 Mechanics of additively manufactured biomaterials. J. Mech. Behav. Biomed. 
Mater. 70, 1–6. (doi:10.1016/j.jmbbm.2017.03.018) 

59. Ruprecht V et al. 2017 How cells respond to environmental cues – insights from bio-
functionalized substrates. J. Cell Sci. 130, 51–61. (doi:10.1242/jcs.196162) 

60. Nguyen AT, Sathe SR, Yim EKF. 2016 From nano to micro: topographical scale and its impact 
on cell adhesion, morphology and contact guidance. J. Phys. Condens. Matter 28, 1–16. 
(doi:10.1088/0953-8984/28/18/183001) 

61. De Jonge N. 2013 Guiding collagen orientation at the micro-level in engineered cardiovascular 
tissues. PhD thesis, Tech. Univ. Eindhoven  

62. Sobral JM, Caridade SG, Sousa R a, Mano JF, Reis RL. 2011 Three-dimensional plotted 
scaffolds with controlled pore size gradients: Effect of scaffold geometry on mechanical 
performance and cell seeding efficiency. Acta Biomater. 7, 1009–18. 
(doi:10.1016/j.actbio.2010.11.003) 

63. Nguyen AT, Sathe SR, Yim EKF. 2016 From nano to micro: topographical scale and its impact 
on cell adhesion, morphology and contact guidance. J. Phys. Condens. Matter 28, 1–16. 
(doi:10.1088/0953-8984/28/18/183001) 

64. Zadpoor AA. 2015 Bone tissue regeneration: the role of scaffold geometry. Biomater. Sci. 3, 231–
245. (doi:10.1039/c4bm00291a) 

65. Baptista D, Teixeira L, Blitterswijk C Van, Giselbrecht S, Truckenmüller R. 2019 Overlooked? 
Underestimated? Effects of Substrate Curvature on Cell Behavior. Trends Biotechnol. 37, 1–17. 
(doi:10.1016/j.tibtech.2019.01.006) 

66. Harburger DS, Calderwood DA, Sci JC, Res B, Harburger DS, David A, Harburger DS, 
Calderwood DA. 2009 Integrin signalling at a glance. J. Cell Sci. 122, 159–163. 
(doi:10.1242/jcs.052910) 

67. Thievessen I et al. 2013 Vinculin–actin interaction couples actin retrograde flow to focal 
adhesions, but is dispensable for focal adhesion growth. J. Cell Biol. 202, 163–177. 
(doi:10.1083/jcb.201303129) 



 Bibliography 

 

148 
 

68. Tojkander S, Gateva G, Lappalainen P. 2012 Actin stress fibers – assembly , dynamics and 
biological roles. J. Cell Sci. 125, 1855–1864. (doi:10.1242/jcs.098087) 

69. Pellegrin S, Mellor H. 2007 Actin stress fibres. J. Cell Sci. 120, 3491–3499. 
(doi:10.1242/jcs.018473) 

70. Ponti A, Machacek M, Gupton SL, Waterman-Storer CM, Danuser G. 2004 Two Distinct Actin 
Networks Drive the Protrusion of Migrating Cells. Science (80-. ). 305, 1782–1787. 
(doi:10.1126/science.1100533) 

71. Gardel ML, Sabass B, Ji L, Danuser G, Schwarz US, Waterman CM. 2008 Traction stress in 
focal adhesions correlates biphasically with actin retrograde fl ow speed. J. Cell Biol. 183, 999–
1005. (doi:10.1083/jcb.200810060) 

72. Case LB, Baird MA, Shtengel G, Campbell SL, Harald F, Davidson MW, Waterman CM. 2015 
Molecular mechanism of vinculin activation and nano-scale spatial organization in focal 
adhesions. Nat. Cell Biol. 17, 880–892. (doi:10.1038/ncb3180.Molecular) 

73. Kanchanawong P, Shtengel G, Pasapera AM, Ramko EB, Davidson MW, Hess HF, Waterman 
CM. 2010 Nanoscale architecture of integrin-based cell adhesions. Nature 468, 580–584. 
(doi:10.1038/nature09621) 

74. Gauthier NC, Roca-Cusachs P. 2018 Mechanosensing at integrin-mediated cell – matrix 

adhesions : from molecular to integrated mechanisms. Curr. Opin. Cell Biol. 50, 20–26. 
(doi:10.1016/j.ceb.2017.12.014) 

75. Bershadsky A, Kozlov M, Geiger B. 2006 Adhesion-mediated mechanosensitivity : a time to 
experiment, and a time to theorize. Curr. Opin. Cell Biol. 18, 472–481. 
(doi:10.1016/j.ceb.2006.08.012) 

76. Athirasala A, Hirsch N, Buxboim A. 2017 Nuclear mechanotransduction: sensing the force from 
within. Curr. Opin. Cell Biol. 46, 119–127. (doi:10.1016/j.ceb.2017.04.004) 

77. Dahl KN, Kahn SM, Wilson KL, Discher DE. 2004 The nuclear envelope lamina network has 
elasticity and a compressibility limit suggestive of a molecular shock absorber. J. Cell Sci. 117, 
4779–4786. (doi:10.1242/jcs.01357) 

78. Lammerding J, Fong LG, Ji JY, Reue K, Stewart CL, Young SG, Lee RT. 2006 Lamins A and C 
but Not Lamin B1 Regulate Nuclear Mechanics. J. Biol. Chem. 281, 25768–25780. 
(doi:10.1074/jbc.M513511200) 

79. Kubow KE, Shuklis VD, Sales DJ, Horwitz AR. 2017 Contact guidance persists under myosin 
inhibition due to the local alignment of adhesions and individual protrusions. Sci. Rep. 7, 1–15. 
(doi:10.1038/s41598-017-14745-7) 

80. Li Q, Kumar A, Makhija E, Shivashankar G V. 2014 The regulation of dynamic mechanical 
coupling between actin cytoskeleton and nucleus by matrix geometry. Biomaterials 35, 961–9. 
(doi:10.1016/j.biomaterials.2013.10.037) 



Bibliography  
 

149 

 

81. Versaevel M, Braquenier J-B, Riaz M, Grevesse T, Lantoine J, Gabriele S. 2014 Super-resolution 
microscopy reveals LINC complex recruitment at nuclear indentation sites. Sci. Rep. 4, 1–8. 
(doi:10.1038/srep07362) 

82. Werner M, Blanquer SBG, Haimi SP, Korus G, Dunlop JWC, Duda GN, Grijpma DW, 
Petersen A. 2017 Surface Curvature Differentially Regulates Stem Cell Migration and 
Differentiation via Altered Attachment Morphology and Nuclear Deformation. Adv. Sci. 4, 1–
11. (doi:10.1002/advs.201600347) 

83. Werner M, Kurniawan NA, Korus G, Bouten CVC, Petersen A. 2018 Mesoscale substrate 
curvature overrules nanoscale contact guidance to direct bone marrow stromal cell migration. J. 
R. Soc. Interface 15, 1:11. (doi:10.1098/rsif.2018.0162) 

84. Teixeira AI, Abrams G a, Bertics PJ, Murphy CJ, Nealey PF. 2003 Epithelial contact guidance 
on well-defined micro- and nanostructured substrates. J. Cell Sci. 116, 1881–92. 
(doi:10.1242/jcs.00383) 

85. Provenzano PP, Inman DR, Eliceiri KW, Trier SM, Keely PJ. 2008 Contact Guidance Mediated 
Three-Dimensional Cell Migration is Regulated by Rho / ROCK-Dependent Matrix 
Reorganization. Biophys. J. 95, 5374–5384. (doi:10.1529/biophysj.108.133116) 

86. Subramony SD, Dargis BR, Castillo M, Azeloglu EU, Tracey MS, Su A, Lu HH. 2013 The 
guidance of stem cell differentiation by substrate alignment and mechanical stimulation. 
Biomaterials 34, 1942–53. (doi:10.1016/j.biomaterials.2012.11.012) 

87. Heo S-J, Nerurkar NL, Baker BM, Shin J-W, Elliott DM, Mauck RL. 2011 Fiber stretch and 
reorientation modulates mesenchymal stem cell morphology and fibrous gene expression on 
oriented nanofibrous microenvironments. Ann. Biomed. Eng. 39, 2780–90. (doi:10.1007/s10439-
011-0365-7) 

88. Ray A, Lee O, Win Z, Edwards RM, Alford PW, Kim D, Provenzano PP. 2017 Anisotropic 
forces from spatially constrained focal adhesions mediate contact guidance directed cell 
migration. Nat. Commun. 8, 1–17. (doi:10.1038/ncomms14923) 

89. Doyle AD, Kutys ML, Conti MA, Matsumoto K, Adelstein RS, Yamada KM. 2012 Micro-
environmental control of cell migration – myosin IIA is required for efficient migration in 
fibrillar environments through control of cell adhesion dynamics. J. Cell Sci. 125, 2244–2256. 
(doi:10.1242/jcs.098806) 

90. Kubow KE, Conrad SK, Horwitz AR. 2013 Matrix Microarchitecture and Myosin II Determine 
Adhesion in 3D Matrices. Curr. Biol. 23, 1607–1619. (doi:10.1016/j.cub.2013.06.053) 

91. Doyle AD, Carvajal N, Jin A, Matsumoto K, Yamada KM. 2015 Local 3D matrix 
microenvironment regulates cell migration through spatiotemporal dynamics of contractility-
dependent adhesions. Nat. Commun. 6, 1–15. (doi:10.1038/ncomms9720) 

92. Swaminathan V, Mathew J, Mehta SB, Nordenfelt P. 2017 Actin retrograde flow actively aligns 
and orients ligand-engaged integrins in focal adhesions. Proc. Natl. Acad. Sci. 114, 10648–10653. 
(doi:10.1073/pnas.1701136114) 



 Bibliography 

 

150 
 

93. Huang DL, Bax NA, Buckley CD, Weis WI, Dunn AR. 2017 Vinculin forms a directionally 
asymmetric catch bond with F-actin. Science (80-. ). 357, 703–706. (doi:10.1126/science.aan2556) 

94. Pontes B et al. 2017 Membrane tension controls adhesion positioning at the leading edge of 
cells. J. Cell Biol. 216, 2959–2977. (doi:10.1083/jcb.201611117 JCB) 

95. Jain N, Iyer KV, Kumar A, Shivashankar G V. 2013 Cell geometric constraints induce modular 
gene-expression patterns via redistribution of HDAC3 regulated by actomyosin contractility. 
Proc. Natl. Acad. Sci. U. S. A. 110, 11349–54. (doi:10.1073/pnas.1300801110) 

96. Versaevel M, Grevesse T, Gabriele S. 2012 Spatial coordination between cell and nuclear shape 
within micropatterned endothelial cells. Nat. Commun. 3, 1–11. (doi:10.1038/ncomms1668) 

97. Driscoll TP, Cosgrove BD, Heo S, Shurden ZE, Mauck RL. 2015 Cytoskeletal to Nuclear Strain 
Transfer Regulates YAP Signaling in Mesenchymal Stem Cells. Biophys. J. 108, 2783–2793. 
(doi:10.1016/j.bpj.2015.05.010) 

98. Kim D-H, Wirtz D. 2015 Cytoskeletal tension induces the polarized architecture of the nucleus. 
Biomaterials 48, 161–72. (doi:10.1016/j.biomaterials.2015.01.023) 

99. Makhija E, Jokhun DS, Shivashankar G V. 2016 Nuclear deformability and telomere dynamics 
are regulated by cell geometric constraints. Proc. Natl. Acad. Sci. 113, E32–E40. 
(doi:10.1073/pnas.1513189113) 

100. Jokhun DS, Shang Y, Shivashankar G V. 2018 Actin Dynamics Couples Extracellular Signals to 
the Mobility and Molecular Stability of Telomeres. Biophys. J. 115, 1166–1179. 
(doi:10.1016/j.bpj.2018.08.029) 

101. Hatch EM, Hetzer MW. 2016 Nuclear envelope rupture is induced by actin-based nucleus 
confinement. J. Cell Biol. 215, 27–36. (doi:10.1083/jcb.201603053) 

102. Friedl P, Wolf K, Lammerding J. 2011 Nuclear mechanics during cell migration. Curr. Opin. Cell 
Biol. 23, 55–64. (doi:10.1016/j.ceb.2010.10.015) 

103. Swift J et al. 2013 Nuclear lamin-A scales with tissue stiffness and enhances matrix-directed 
differentiation. Science (80-. ). 341, 1240104. (doi:10.1126/science.1240104) 

104. Kim J, Louhghalam A, Lee G, Schafer BW, Wirtz D, Kim D. 2017 Nuclear lamin A/C 
harnesses the perinuclear apical actin cables to protect nuclear morphology. Nat. Commun. 8, 1–
13. (doi:10.1038/s41467-017-02217-5) 

105. Versaevel M et al. 2016 Probing cytoskeletal pre-stress and nuclear mechanics in endothelial cells 
with spatiotemporally controlled (de-) adhesion kinetics on micropatterned substrates. Cell Adh. 
Migr. 11, 98–109. (doi:10.1080/19336918.2016.1182290) 

106. Pieuchot L et al. 2018 Curvotaxis directs cell migration through cell-scale curvature landscapes. 
Nat. Commun. 9, 1–13. (doi:10.1038/s41467-018-06494-6) 



Bibliography  
 

151 

 

107. Vassaux M, Milan JL. 2017 Stem cell mechanical behaviour modelling : substrate ’ s curvature 
influence during adhesion. Biomech. Model. Mechanobiol. (doi:10.1007/s10237-017-0888-4) 

108. Dunn GA, Heath JP. 1976 A new hypothesis of contact guidance in tissue cells. Exp. Cell Res. 
101, 1–14. (doi:10.1016/0014-4827(76)90405-5) 

109. Biton YY, Safran SA. 2009 The cellular response to curvature-induced stress. Phys. Biol. 6, 1–8. 
(doi:10.1088/1478-3975/6/4/046010) 

110. Sanz-Herrera J a, Moreo P, García-Aznar JM, Doblaré M. 2009 On the effect of substrate 
curvature on cell mechanics. Biomaterials 30, 6674–86. (doi:10.1016/j.biomaterials.2009.08.053) 

111. Bade ND, Kamien RD, Assoian RK, Stebe KJ. 2017 Curvature and Rho activation differentially 
control the alignment of cells and stress fibers. Sci. Adv. 3, 1–8. (doi:10.1126/sciadv.1700150) 

112. Huber F, Boire A, Preciado López M, Koenderink G. 2015 Cytoskeletal crosstalk : when three 
different personalities team up. Curr. Opin. Cell Biol. , 39–47. (doi:10.1016/j.ceb.2014.10.005) 

113. Lombardi ML, Lammerding J. 2015 Keeping the LINC: the importance of nucleo-cytoskeletal 
coupling in intracellular force transmission and cellular function. Biochem Soc Trans 39, 1729–
1734. (doi:10.1042/BST20110686.Keeping) 

114. Etienne-Manneville S. 2013 Microtubules in Cell Migration. Annu. Rev. Cell Dev. Biol. , 471–499. 
(doi:10.1146/annurev-cellbio-101011-155711) 

115. Shabbir SH, Cleland MM, Goldman RD, Mrksich M. 2014 Geometric control of vimentin 
intermediate filaments. Biomaterials 35, 1359–1366. (doi:10.1016/j.biomaterials.2013.10.008) 

116. Jiu Y, Lehtimäki J, Tojkander S, Cheng F, Jäälinoja H, Liu X, Varjosalo M, Eriksson JE, 
Lappalainen P. 2015 Bidirectional Interplay between Vimentin Intermediate Filaments and 
Contractile Actin Stress Fibers. Cell 11, 1511–1518. (doi:10.1016/j.celrep.2015.05.008) 

117. Helfand BT et al. 2011 Vimentin organization modulates the formation of lamellipodia. Mol. Biol. 
Cell 22, 1274–89. (doi:10.1091/mbc.E10-08-0699) 

118. Khatau SB, Hale CM, Stewart-hutchinson PJ, Patel MS, Stewart CL, Searson PC, Hodzic D, 
Wirtz D. 2009 A perinuclear actin cap regulates nuclear shape. Proc. Natl. Acad. Sci. 106, 19017–
19022. (doi:10.1073?pnas.0908686106) 

119. Khatau SB, Kim D, Hale CM, Bloom RJ, Khatau SB, Kim D, Hale CM, Bloom RJ. 2010 The 
perinuclear actin cap in health and disease. Nucleus 1, 337–342. (doi:10.4161/nucl.1.4.12331) 

120. Ferrera D, Canale C, Marotta R, Mazzaro N, Gritti M, Mazzanti M, Capellari S, Cortelli P, 
Gasparini L. 2014 Lamin B1 overexpression increases nuclear rigidity in autosomal dominant 
leukodystrophy fibroblasts. FASEB J. 28, 3906–3918. (doi:10.1096/fj.13-247635) 

121. Matsumoto A, Hieda M, Yokoyama Y, Nishioka Y, Yoshidome K, Tsujimoto M, Matsuura N. 
2015 Global loss of a nuclear lamina component, lamin A/C, and LINC complex components 



 Bibliography 

 

152 
 

SUN1, SUN2, and nesprin- 2 in breast cancer. Cancer Med. 4, 1547–1557. 
(doi:10.1002/cam4.495) 

122. Denais CM et al. 2016 Nuclear envelope rupture and repair during cancer cell migration. Science 
(80-. ). 352, 353–358. (doi:10.1126/science.aad7297.Nuclear) 

123. Graham DM et al. 2018 Enucleated cells reveal differential roles of the nucleus in cell migration, 
polarity, and mechanotransduction. J. Cell Biol. 217, 895–914. (doi:10.1083/jcb.201706097) 

124. Bentolila LA, Prakash R, Mihic-probst D, Wadehra M, Kleinman HK, Carmichael TS, Péault B, 
Barnhill RL, Lugassy C. 2016 Imaging of Angiotropism/Vascular Co-Option in a Murine Model 

of Brain Melanoma : Implications for Melanoma Progression along Extravascular Pathways. Sci. 
Rep. 6, 1–11. (doi:10.1038/srep23834) 

125. Weigelin B, Bakker G, Friedl P. 2012 Intravital third harmonic generation microscopy of 
collective melanoma cell invasion: Principles of interface guidance and microvesicle dynamics. 
IntraVital 1, 32–43. (doi:10.4161/intv.21223) 

126. Ray A, Slama ZM, Morford RK, Madden SA, Provenzano PP. 2017 Enhanced Directional 
Migration of Cancer Stem Cells in 3D Aligned Collagen Matrices. Biophys. J. 112, 1023–1036. 
(doi:10.1016/j.bpj.2017.01.007) 

127. Nam K-H, Kim P, Wood DK, Kwon S, Provenzano PP, Kim D-H. 2016 Multiscale Cues Drive 
Collective Cell Migration. Sci. Rep. 6, 1–13. (doi:10.1038/srep29749) 

128. Geiger B, Spatz JP, Bershadsky AD. 2009 Environmental sensing through focal adhesions. Nat. 
Rev. Mol. Cell Biol. 10, 21–33. (doi:10.1038/nrm2593) 

129. Ghosh K, Ingber DE. 2007 Micromechanical control of cell and tissue development: 
implications for tissue engineering. Adv. Drug Deliv. Rev. 59, 1306–18. 
(doi:10.1016/j.addr.2007.08.014) 

130. Dutta RC, Dutta AK. 2009 Cell-interactive 3D-scaffold; advances and applications. Biotechnol. 
Adv. 27, 334–9. (doi:10.1016/j.biotechadv.2009.02.002) 

131. Pittenger MF et al. 1999 Multilineage potential of adult human mesenchymal stem cells. Science 
(80-. ). 284, 143–147. (doi:10.1126/science.284.5411.143) 

132. Engler AJ, Sen S, Sweeney HL, Discher DE. 2006 Matrix elasticity directs stem cell lineage 
specification. Cell 126, 677–89. (doi:10.1016/j.cell.2006.06.044) 

133. Lo CM, Wang HB, Dembo M, Wang YL. 2000 Cell movement is guided by the rigidity of the 
substrate. Biophys. J. 79, 144–52. (doi:10.1016/S0006-3495(00)76279-5) 

134. Huebsch N et al. 2015 Matrix elasticity of void-forming hydrogels controls transplanted-stem-
cell-mediated bone formation. Nat. Mater. 14, 1269–1278. (doi:10.1038/nmat4407) 

135. Neffe AT et al. 2015 One step creation of multifunctional 3D architectured hydrogels inducing 
bone regeneration. Adv. Mater. 27, 1738–44. (doi:10.1002/adma.201404787) 



Bibliography  
 

153 

 

136. Kilian KA, Bugarija B, Lahn BT, Mrksich M. 2010 Geometric cues for directing the 
differentiation of mesenchymal stem cells. Proc. Natl. Acad. Sci. U. S. A. 107, 4872–7. 
(doi:10.1073/pnas.0903269107) 

137. Park JY, Lee DH, Lee EJ, Lee S-H. 2009 Study of cellular behaviors on concave and convex 
microstructures fabricated from elastic PDMS membranes. Lab Chip 9, 2043–9. 
(doi:10.1039/b820955c) 

138. Rumpler M, Woesz A, Dunlop JWC, van Dongen JT, Fratzl P. 2008 The effect of geometry on 
three-dimensional tissue growth. J. R. Soc. Interface 5, 1173–80. (doi:10.1098/rsif.2008.0064) 

139. Oh S, Brammer KS, Li YSJ, Teng D, Engler AJ, Chien S, Jin S. 2009 Stem cell fate dictated 
solely by altered nanotube dimension. Proc. Natl. Acad. Sci. U. S. A. 106, 2130–5. 
(doi:10.1073/pnas.0813200106) 

140. Ruiz SA, Chen CS. 2008 Emergence of patterned stem cell differentiation within multicellular 
structures. Stem Cells 26, 2921–7. (doi:10.1634/stemcells.2008-0432) 

141. Lo Y-P, Liu Y-S, Rimando MG, Ho JH-C, Lin K-H, Lee OK. 2016 Three-dimensional spherical 
spatial boundary conditions differentially regulate osteogenic differentiation of mesenchymal 
stromal cells. Sci. Rep. 6, 21253. (doi:10.1038/srep21253) 

142. Malheiro V, Lehner F, Dinca V, Hoffmann P, Maniura-Weber K. 2016 Convex and concave 
micro-structured silicone controls the shape, but not the polarization state of human 
macrophages. Biomater. Sci. (doi:10.1039/c6bm00425c) 

143. Kim M-H, Sawada Y, Taya M, Kino-Oka M. 2014 Influence of surface topography on the 
human epithelial cell response to micropatterned substrates with convex and concave 
architectures. J. Biol. Eng. 8, 13. (doi:10.1186/1754-1611-8-13) 

144. Théry M, Pépin A, Dressaire E, Chen Y, Bornens M. 2006 Cell distribution of stress fibres in 
response to the geometry of the adhesive environment. Cell Motil. Cytoskeleton 63, 341–55. 
(doi:10.1002/cm.20126) 

145. Parker KK et al. 2002 Directional control of lamellipodia extension by constraining cell shape 
and orienting cell tractional forces. FASEB J. 16, 1195–204. (doi:10.1096/fj.02-0038com) 

146. McBeath R, Pirone DM, Nelson CM, Bhadriraju K, Chen CS. 2004 Cell shape, cytoskeletal 
tension, and RhoA regulate stem cell lineage commitment. Dev. Cell 6, 483–95. 

147. Bidan CM, Kommareddy KP, Rumpler M, Kollmannsberger P, Fratzl P, Dunlop JWC. 2013 
Geometry as a factor for tissue growth: towards shape optimization of tissue engineering 
scaffolds. Adv. Healthc. Mater. 2, 186–94. (doi:10.1002/adhm.201200159) 

148. Joly P, Duda GN, Schöne M, Welzel PB, Freudenberg U, Werner C, Petersen A. 2013 
Geometry-driven cell organization determines tissue growths in scaffold pores: consequences 
for fibronectin organization. PLoS One 8, e73545. (doi:10.1371/journal.pone.0073545) 



 Bibliography 

 

154 
 

149. Melchels FPW, Feijen J, Grijpma DW. 2010 A review on stereolithography and its applications 
in biomedical engineering. Biomaterials 31, 6121–30. (doi:10.1016/j.biomaterials.2010.04.050) 

150. Bischofs IB, Klein F, Lehnert D, Bastmeyer M, Schwarz US. 2008 Filamentous network 
mechanics and active contractility determine cell and tissue shape. Biophys. J. 95, 3488–96. 
(doi:10.1529/biophysj.108.134296) 

151. Chen CS, Alonso JL, Ostuni E, Whitesides GM, Ingber DE. 2003 Cell shape provides global 
control of focal adhesion assembly. Biochem. Biophys. Res. Commun. 307, 355–361. 
(doi:10.1016/S0006-291X(03)01165-3) 

152. Swift J, Discher DE. 2014 The nuclear lamina is mechano-responsive to ECM elasticity in 
mature tissue. J. Cell Sci. 127, 3005–15. (doi:10.1242/jcs.149203) 

153. Tsimbouri PM, Murawski K, Hamilton G, Herzyk P, Oreffo ROC, Gadegaard N, Dalby MJ. 
2013 A genomics approach in determining nanotopographical effects on MSC phenotype. 
Biomaterials 34, 2177–84. (doi:10.1016/j.biomaterials.2012.12.019) 

154. Delanoë-Ayari H, Rieu JP, Sano M. 2010 4D traction force microscopy reveals asymmetric 
cortical forces in migrating dictyostelium cells. Phys. Rev. Lett. 105, 248103. 
(doi:10.1103/PhysRevLett.105.248103) 

155. Hersen P, Ladoux B. 2011 Push it , pull it. Nature 470, 3–4. (doi:10.1038/470340a) 

156. Dahl KN, Engler AJ, Pajerowski JD, Discher DE. 2005 Power-law rheology of isolated nuclei 
with deformation mapping of nuclear substructures. Biophys. J. 89, 2855–64. 
(doi:10.1529/biophysj.105.062554) 

157. Guilak F, Tedrow JR, Burgkart R. 2000 Viscoelastic properties of the cell nucleus. Biochem. 
Biophys. Res. Commun. 269, 781–6. (doi:10.1006/bbrc.2000.2360) 

158. Sachs F, Sivaselvan M V. 2015 Cell volume control in three dimensions: Water movement 
without solute movement. J. Gen. Physiol. 145, 373–80. (doi:10.1085/jgp.201411297) 

159. Jiang H, Sun SX. 2013 Cellular pressure and volume regulation and implications for cell 
mechanics. Biophys. J. 105, 609–19. (doi:10.1016/j.bpj.2013.06.021) 

160. Nikkhah M, Edalat F, Manoucheri S, Khademhosseini A. 2012 Engineering microscale 
topographies to control the cell-substrate interface. Biomaterials 33, 5230–46. 
(doi:10.1016/j.biomaterials.2012.03.079) 

161. Kurniawan NA, Chaudhuri PK, Lim CT. 2016 Mechanobiology of cell migration in the context 
of dynamic two-way cell-matrix interactions. J. Biomech. 49. (doi:10.1016/j.jbiomech.2015.12.023) 

162. Ramirez-San Juan GR, Oakes PW, Gardel ML. 2017 Contact guidance requires spatial control 
of leading-edge protrusion. Mol. Biol. Cell 28, 1043–1053. (doi:10.1091/mbc.E16-11-0769) 

163. Yevick HG, Duclos G, Bonnet I, Silberzan P. 2015 Architecture and migration of an epithelium 
on a cylindrical wire. Proc. Natl. Acad. Sci. 112, 5944–5949. (doi:10.1073/pnas.1418857112) 



Bibliography  
 

155 

 

164. Provenzano PP, Inman DR, Eliceiri KW, Knittel JG, Yan L, Rueden CT, White JG, Keely PJ. 
2008 Collagen density promotes mammary tumor initiation and progression. BMC Med. 15, 1–
15. (doi:10.1186/1741-7015-6-11) 

165. Gritsenko PG, Ilina O, Friedl P. 2012 Interstitial guidance of cancer invasion. J Pathol 226, 185–
199. (doi:10.1002/path.3031) 

166. Bade ND, Xu T, Kamien RD, Assoian RK, Stebe KJ. 2018 Gaussian Curvature Directs Stress 
Fiber Orientation and Cell Migration. Biophys. J. 114, 1467–1476. (doi:10.1016/j.bpj.2018.01.039) 

167. Meijering E, Dzyubachyk O, Smal I. 2012 Methods for Cell and Particle Tracking. Methods 
Enzymol. 504, 183–200. (doi:10.1016/B978-0-12-391857-4.00009-4.) 

168. Enemark S, Kurniawan NA, Rajagopalan R. 2012 b -hairpin forms by rolling up from early 
folding dynamics. Sci. Rep. 2, 1–6. (doi:10.1038/srep00649) 

169. Maiuri P et al. 2015 Actin flows mediate a universal coupling between cell speed and cell 
persistence. Cell 161, 374–86. (doi:10.1016/j.cell.2015.01.056) 

170. Sun B, Lam RHW. 2016 Influence of Micro-scale Substrate Curvature on Subcellular Behaviors 
of Vascular Cells. 2016 IEEE 16th Int. Conf. Nanotechnol. 1, 339–342. 
(doi:10.1109/NANO.2016.7751337) 

171. Yamashita T, Kollmannsberger P, Mawatari K, Kitamori T, Vogel V. 2016 Cell sheet mechanics: 
How geometrical constraints induce the detachment of cell sheets from concave surfaces. Acta 
Biomater. 45, 85–97. (doi:10.1016/j.actbio.2016.08.044) 

172. Pascalis C De, Etienne-Manneville S. 2017 Single and collective cell migration : the mechanics of 
adhesions. Mol. Biol. Cell 28, 1833–1846. (doi:10.1091/mbc.E17-03-0134) 

173. He X, Jiang Y. 2017 Substrate curvature regulates cell migration. Phys. Biol. 14, 1–10. 
(doi:10.1088/1478-3975/aa6f8e) 

174. Denu RA, Nemcek S, Bloom DD, Goodrich DA, Kim J, Mosher DF, Hematti P. 2016 
Fibroblasts and Mesenchymal Stromal/Stem Cells are Phenotypically Indistinguishable. Acta 
Haematol. 136, 85–97. (doi:10.1159/000445096.Fibroblasts) 

175. Yamashita T, Kollmannsberger P, Mawatari K, Kitamori T, Vogel V. 2016 Cell sheet mechanics: 
How geometrical constraints induce the detachment of cell sheets from concave surfaces. Acta 
Biomater. 45, 85–97. (doi:10.1016/j.actbio.2016.08.044) 

176. Fioretta ES, Simonet M, Smits AIPM, Baaijens FPT, Bouten CVC. 2014 Differential Response 
of Endothelial and Endothelial Colony Forming Cells on Electrospun Scaffolds with Distinct 
Micro fiber Diameters. Biomacromolecules 15, 821–829. (doi:10.1021/bm4016418) 

177. Jones D et al. 2015 Actin grips: Circular actin-rich cytoskeletal structures that mediate the 
wrapping of polymeric microfibers by endothelial cells. Biomaterials 52, 395–406. 
(doi:10.1016/j.biomaterials.2015.02.034) 



 Bibliography 

 

156 
 

178. Dupré L, Houmadi R, Tang C, Rey-Barroso J. 2015 T Lymphocyte Migration: An Action Movie 
Starring the Actin and Associated Actors. Front. Immunol. 6, 1–18. 
(doi:10.3389/fimmu.2015.00586) 

179. Song KH, Park SJ, Kim DS, Doh J. 2015 Sinusoidal wavy surfaces for curvature-guided 
migration of T lymphocytes. Biomaterials 51, 151–60. (doi:10.1016/j.biomaterials.2015.01.071) 

180. Xi W, Sonam S, Saw TB, Ladoux B, Lim CT. 2017 Emergent patterns of collective cell 
migration under tubular confinemen. Nat. Commun. 8, 1–15. (doi:10.1038/s41467-017-01390-x) 

181. Kim SH, Lee G, Park S. 2015 Cell Shapes and Actin Alignment of Mesenchymal Stem Cells on 
Different Elastic Matrices with the Same Surface Topography. Int. J. Mech. Syst. Eng. 1, 1–4. 
(doi:10.15344/2455-7412/2015/104 International) 

182. Gong T, Zhao K, Yang G, Li J, Chen H, Chen Y. 2014 The Control of Mesenchymal Stem Cell 
Differentiation Using Dynamically Tunable Surface Microgrooves. Adv. Healthc. Mater. 3, 1608–
1619. (doi:10.1002/adhm.201300692) 

183. Watari S, Hayashi K, Wood J a, Russell P, Nealey PF, Murphy CJ, Genetos DC. 2012 
Modulation of osteogenic differentiation in hMSCs cells by submicron topographically-
patterned ridges and grooves. Biomaterials 33, 128–36. (doi:10.1016/j.biomaterials.2011.09.058) 

184. Rajagopalan S, Robb R a. 2006 Schwarz meets Schwann: design and fabrication of biomorphic 
and durataxic tissue engineering scaffolds. Med. Image Anal. 10, 693–712. 
(doi:10.1016/j.media.2006.06.001) 

185. Melchels FPW, Bertoldi K, Gabbrielli R, Velders AH, Feijen J, Grijpma DW. 2010 
Mathematically defined tissue engineering scaffold architectures prepared by stereolithography. 
Biomaterials 31, 6909–16. (doi:10.1016/j.biomaterials.2010.05.068) 

186. Lara Rodriguez L, Schneider IC. 2013 Directed cell migration in multi-cue environments. Integr. 
Biol. (Camb). 5, 1306–23. (doi:10.1039/c3ib40137e) 

187. Conklin MW, Eickhoff JC, Riching KM, Pehlke CA, Eliceiri KW, Provenzano PP, Friedl A, 
Keely PJ. 2011 Aligned Collagen Is a Prognostic Signature for Survival in Human Breast 
Carcinoma. AJPA 178, 1221–1232. (doi:10.1016/j.ajpath.2010.11.076) 

188. Sharma P, Ng C, Jana A, Padhi A, Szymanski P, Lee JS. H, Behkam B, Nain AS. 2017 Aligned 
fibers direct collective cell migration to engineer closing and non-closing wound gaps. Mol. Biol. 
Cell 28, 2579–2588. (doi:10.1091/mbc.E17-05-0305) 

189. Gorelashvili M, Emmert M, Hodeck KF, Heinrich D. 2014 Amoeboid migration mode adaption 
in quasi-3D spatial density gradients of varying lattice geometry. New J. Phys. 16. 
(doi:10.1088/1367-2630/16/7/075012) 

190. Emmert M, Witzel P, Rothenburger-glaubitt M, Heinrich D. 2017 Nanostructured surfaces of 
biodegradable silica fibers enhance directed amoeboid cell migration in a microtubule-dependent 
process. RSC Adv. 7, 5708–5714. (doi:10.1039/C6RA25739A) 



Bibliography  
 

157 

 

191. Doyle AD, Wang FW, Matsumoto K, Yamada KM. 2009 One-dimensional topography 
underlies three-dimensional fibrillar cell migration. J. Cell Biol. 184, 481–90. 
(doi:10.1083/jcb.200810041) 

192. Curtis ASG, Wilkinson CDW. 1998 Reactions of cells to topography. J. Biomater. Sci. Polym. Edn 
9, 1313–1329. (doi:10.1163/156856298X00415) 

193. Kim D, Provenzano PP, Smith CL, Levchenko A. 2012 Matrix nanotopography as a regulator 
of cell function. J. Cell Biol. 197, 351–360. (doi:10.1083/jcb.201108062) 

194. Kollmannsberger P, Bidan CM, Dunlop JWC, Fratzl P. 2011 The physics of tissue patterning 
and extracellular matrix organisation: how cells join forces. Soft Matter 7, 9549. 
(doi:10.1039/c1sm05588g) 

195. Majesky MW, Rong Dong X, Hoglund V, Mahoney Jr WM, Daum G. 2011 The Adventitia: A 
Dynamic Interface Containing Resident Progenitor Cells. Arter. Thromb Vasc Biol. 31, 1530–1539. 
(doi:10.1161/ATVBAHA.110.221549.The) 

196. Majesky MW. 2015 Adventitia and Perivascular Cells. Arter. Thromb Vasc Biol. 35, 31–35. 
(doi:10.1161/ATVBAHA.115.306088) 

197. Bodnar RJ, Satish L, Yates CC, Wells A. 2016 Pericytes : A newly recognized player in wound 
healing. Wound Repair Regen. 24, 204–214. (doi:10.1111/wrr.12415) 

198. Chia HN, Wu BM. 2015 Recent advances in 3D printing of biomaterials. J. Biol. Eng. 9, 1–14. 
(doi:10.1186/s13036-015-0001-4) 

199. Elliott JT, Tona A, Woodward JT, Jones PL, Plant AL. 2003 Thin Films of Collagen Affect 
Smooth Muscle Cell Morphology. Langmuir 19, 1506–1514. (doi:10.1021/la026216r) 

200. Amyot F, Small A, Boukari H, Sackett D, Elliott J, McDaniel D, Plant A, Gandjbakhche A. 2008 
Thin films of oriented collagen fibrils for cell motility studies. J. Biomed. Mater. Res. B. Appl. 
Biomater. 86, 438–43. (doi:10.1002/jbm.b.31039) 

201. Krahn KN, Bouten CVC, Tuijl S Van, Zandvoort MAMJ Van, Merkx M. 2006 Fluorescently 
labeled collagen binding proteins allow specific visualization of collagen in tissues and live cell 
culture. Anal. Biochem. 350, 177–185. (doi:10.1016/j.ab.2006.01.013) 

202. Bekkers E, Duits R, Berendschot T, Romeny H. 2014 A Multi-Orientation Analysis Approach 
to Retinal Vessel Tracking. J. Math. Imaging Vis. 49, 583–610. (doi:10.1007/s10851-013-0488-6) 

203. Kolodney MS, Elson L. 1993 Correlation of Myosin Light Chain Phosphorylation with 
Isometric Contraction of Fibroblasts. J. Biol. Chem. 268, 23850–23855. 

204. Vicente-Manzanares M, Ma X, Adelstein RS, Horwitz AR. 2009 Non-muscle myosin II takes 
centre stage in cell adhesion and migration. Nat. Rev. Mol. Cell Biol. 10, 778–790. 
(doi:10.1038/nrm2786.Non-muscle) 



 Bibliography 

 

158 
 

205. Seonwoo H et al. 2016 Hierarchically Micro- and Nanopatterned Topographical Cues for 
Modulation of Cellular Structure and Function. IEEE Trans. Nanobioscience 15, 835–842. 
(doi:10.1109/TNB.2016.2631641) 

206. Burridge K, Guilluy C. 2016 Focal adhesions, stress fibers and mechanical tension. Exp. Cell Res. 
343, 14–20. (doi:10.1016/j.yexcr.2015.10.029.Focal) 

207. Kolega J, Kumar S. 1999 Regulatory Light Chain Phosphorylation and the Assembly of Myosin 
II Into the Cytoskeleton of Microcapillary Endothelial Cells. Cell Motil. Cytoskeleton 43, 255–268. 
(doi:10.1002/(SICI)1097-0169(1999)43:3<255::AID-CM8>3.0.CO;2-T) 

208. Shibata K, Sakai H, Huang Q, Kamata H, Chiba Y, Misawa M, Ikebe R, Ikebe M. 2015 Rac1 
Regulates Myosin II Phosphorylation Through Regulation of Myosin Light Chain Phosphatase. 
J. Cell. Physiol. 230, 1352–1364. (doi:10.1002/jcp.24878) 

209. Buxboim A, Rajagopal K, Brown AEX, Discher DE. 2010 How deeply cells feel: methods for 
thin gels. J Phys Condens Matter 22, 1–10. (doi:10.1088/0953-8984/22/19/194116) 

210. Engler AJ, Sen S, Sweeney HL, Discher DE. 2006 Matrix elasticity directs stem cell lineage 
specification. Cell 126, 677–89. (doi:10.1016/j.cell.2006.06.044) 

211. Johnston ID, McCluskey DK, Tan CKL, Tracey MC. 2014 Mechanical characterization of bulk 
Sylgard 184 for microfluidics and microengineering. J. Micromechanics Microengineering 24, 1–7. 
(doi:10.1088/0960-1317/24/3/035017) 

212. Macqueen L, Sun Y, Simmons CA, Interface JRS. 2013 Mesenchymal stem cell mechanobiology 
and emerging experimental platforms. J. R. Soc. Interface 10, 1–19. (doi:10.1098/rsif.2013.0179) 

213. Teixeira AI, Abrams GA, Bertics PJ, Murphy CJ, Nealey PF. 2003 Epithelial contact guidance 
on well-defined micro- and nanostructured substrates. J. Cell Sci. 116, 1881–92. 
(doi:10.1242/jcs.00383) 

214. Kaiser J-P, Reinmann A, Bruinink A. 2006 The effect of topographic characteristics on cell 
migration velocity. Biomaterials 27, 5230–5241. (doi:10.1016/j.biomaterials.2006.06.002) 

215. Mai J, Sun C, Li S, Zhang X. 2007 A microfabricated platform probing cytoskeleton dynamics 
using multidirectional topographical cues. Biomed. Microdevices 9, 523–31. (doi:10.1007/s10544-
007-9060-8) 

216. Li Y, Huang G, Zhang X, Wang L, Du Y, Lu TJ, Xu F. 2014 Engineering cell alignment in vitro. 
Biotechnol. Adv. 32, 347–65. (doi:10.1016/j.biotechadv.2013.11.007) 

217. Tamiello C, Buskermolen ABC, Baaijens FPT, Broers J os L V, Bouten CVC. 2016 Heading in 

the Right Direction : Understanding Cellular Orientation Responses to Complex Biophysical 
Environments. Cell. Mol. Bioeng. 9, 12–37. (doi:10.1007/s12195-015-0422-7) 

218. Charest JL, Eliason MT, García AJ, William KP. 2006 Combined microscale mechanical 
topography and chemical patterns on polymer cell culture substrates. Biomaterials 27, 2487–2494. 
(doi:10.1016/j.biomaterials.2005.11.022) 



Bibliography  
 

159 

 

219. Ahadian S et al. 2018 Organ-On-A-Chip Platforms : A Convergence of Advanced Materials, 
Cells, and Microscale Technologies. Adv. Healthc. Mater. 1700506, 1–53. 
(doi:10.1002/adhm.201700506) 

220. Alom Ruiz S, Chen CS. 2007 Microcontact printing: A tool to pattern. Soft Matter 3, 168–177. 
(doi:10.1039/B613349E) 

221. Qin D, Xia Y, Whitesides GM. 2010 Soft lithography for micro- and nanoscale patterning. Nat. 
Protoc. 5, 491–502. (doi:10.1038/nprot.2009.234) 

222. Azioune A, Storch M, Bornens M, Théry M, Piel M. 2009 Simple and rapid process for single 
cell micro-patterning. Lab Chip 9, 1640–1642. (doi:10.1039/b821581m) 

223. Strale P, Opitz M, Manus M, Peyret G, Duboin A, Bonnemay L, Ruaudel J. 2018 Controlling 
the topography and biochemistry of cell culture substrates with PRIMO ® photopatterning 
system Bio-functionalization. Appl. note, www.alveolelab.com  

224. Strale P, Azioune A, Bugnicourt G, Lecomte Y, Chahid M, Studer V. 2016 Multiprotein Printing 
by Light-Induced Molecular Adsorption. Adv. Mater. 28, 2024–2029. 
(doi:10.1002/adma.201504154) 

225. Stoecklin C, Yue Z, Chen WW, Mets R De, Fong E, Studer V. 2018 A New Approach to 
Design Artificial 3D Microniches with Combined Chemical , Topographical , and Rheological 
Cues. 1700237, 1–11. (doi:10.1002/adbi.201700237) 

226. Tamiello C, Bouten CVC, Baaijens FPT. 2015 Competition between cap and basal contact 
guidance and cyclic strain. Sci. Rep. 5, 1–10. (doi:10.1038/srep08752) 

227. Buskermolen ABC, Kurniawan NA, Bouten CVC. 2018 An automated quantitative analysis of 
cell, nucleus and focal adhesion morphology. PLoS One 13, 1–16. 
(doi:10.1371/journal.pone.0195201) 

228. Frangi AF, Niessen WJ, Vincken KL, Viergever MA. 1998 Multiscale vessel enhancement 
filtering. Wells W.M., Colchester A., Delp S. Med. Image Comput. Comput. Interv. — MICCAI’98. 
MICCAI 1998. Lect. Notes Comput. Sci. vol 1496. Springer, Berlin, Heidelb. , 130–137. 
(doi:10.1007/BFb0056195) 

229. Tse JR, Engler AJ. 2011 Stiffness gradients mimicking in vivo tissue variation regulate 
mesenchymal stem cell fate. PLoS One 6, 1–9. (doi:10.1371/journal.pone.0015978) 

230. Discher DE, Janmey P, Wang Y-L. 2005 Tissue cells feel and respond to the stiffness of their 
substrate. Science 310, 1139–43. (doi:10.1126/science.1116995) 

231. Ladoux B, Mège R, Trepat X. 2016 Front – Rear Polarization by Mechanical Cues : From Single 
Cells to Tissues. Trends Cell Biol. 26, 420–433. (doi:10.1016/j.tcb.2016.02.002) 

232. Elosegui-artola A, Oria R, Chen Y, Kosmalska A, Pérez-gonzález C. 2016 Mechanical regulation 
of a molecular clutch defines force transmission and transduction in response to matrix rigidity. 
Nat. Cell Biol. 18, 540–548. (doi:10.1038/ncb3336) 



 Bibliography 

 

160 
 

233. Okimura C, Sakumura Y, Shimabukuro K, Iwadate Y. 2018 Sensing of substratum rigidity and 
directional migration by fast-crawling cells. Phys. Rev. E 97, 1–11. 
(doi:10.1103/PhysRevE.97.052401) 

234. Roca-Cusachs P, Sunyer R, Trepat X. 2013 Mechanical guidance of cell migration: lessons from 
chemotaxis. Curr. Opin. Cell Biol. 25, 543–549. (doi:0.1016/j.ceb.2013.04.010) 

235. Moriyama K, Kidoaki S. 2018 Cellular Durotaxis Revisited: Initial-Position-Dependent 
Determination of the Threshold Stiffness Gradient to Induce Durotaxis. Langmuir , Article in 
Press. (doi:10.1021/acs.langmuir.8b02529) 

236. Norris SCP, Tseng P, Kasko AM. 2016 Direct Gradient Photolithography of Photodegradable 
Hydrogels with Patterned Sti ff ness Control with Submicrometer Resolution. ACS Biomater. Sci. 
Eng. 2, 1309–13–18. (doi:10.1021/acsbiomaterials.6b00237) 

237. Brown TE, Anseth KS. 2017 Spatiotemporal hydrogel biomaterials for regenerative medicine. 
Chem. Soc. Rev. 46, 6532–6552. (doi:10.1039/C7CS00445A) 

238. Yang C, Tibbitt MW, Basta L, Anseth KS. 2014 Mechanical memory and dosing influence stem 
cell fate. Nat. Mater. 13, 645–652. (doi:10.1038/NMAT3889) 

239. Stumpel JE, Broer DJ, Schenning APHJ. 2014 Stimuli-responsive photonic polymer coatings. 
Chem. Commun. 50, 15839–15848. (doi:10.1039/C4CC05072J) 

240. Hendrikx M et al. 2018 Re- and Preconfigurable Multistable Visible Light Responsive Surface 
Topographies. Small 14, 1803274. (doi:10.1002/smll.201803274) 

241. Koçer G, Schiphorst J, Hendrikx M, Kassa HG, Leclère P, Schenning APHJ, Jonkheijm P. 2017 
Light-Responsive Hierarchically Structured Liquid Crystal Polymer Networks for Harnessing 
Cell Adhesion and Migration. Adv. Mater. 29, 1606407. (doi:10.1002/adma.201606407) 

242. Stumpel JE, Bartosz Z, Florea L, Diamond D, Broer DJ, Schenning APHJ. 2014 
Photoswitchable Ratchet Surface Topographies Based on Self- Protonating Spiropyran − 
NIPAAM Hydrogels. ACS Appl. Mater. Interfaces 6, 7268–7274. (doi:10.1021/am500542f) 

243. Wang Q, Huang H, Wei K, Zhao Y. 2016 Time-Dependent Combinatory Effects of Active 
Mechanical Loading and Passive Topographical Cues on Cell Orientation. Biotechnol. Bioeng. 113, 
2191–2201. (doi:10.1002/bit.25981) 

244. Engeland NCA Van, Pollet AMAO, Toonder JMJ Den, Bouten CVC, Stassen OMJA, Sahlgren 
CM. 2018 A biomimetic microfluidic model to study signalling between endothelial and vascular 
smooth muscle cells under hemodynamic conditions. Lab Chip 18, 1607–1620. 
(doi:10.1039/c8lc00286j) 

245. Wu J, Lin F. 2013 Recent developments in microfluidics-based chemotaxis. Lab Chip 13, 2484–
2499. (doi:10.1039/c3lc50415h) 

246. Saw TB, Jain S, Ladoux B, Lim CT. 2015 Mechanobiology of Collective Cell Migration. Cell. 
Mol. Bioeng. 8, 3–13. (doi:10.1007/s12195-014-0366-3) 



Bibliography  
 

161 

 

247. Haeger A, Wolf K, Zegers MM, Friedl P. 2015 Collective cell migration : guidance principles and 
hierarchies. Trends Cell Biol. 25, 556–566. (doi:10.1016/j.tcb.2015.06.003) 

248. Trepat X, Fredberg JJ. 2011 Plithotaxis and emergent dynamics in collective cellular migration. 
Trends Cell Biol. 21, 638–646. (doi:10.1016/j.tcb.2011.06.006) 

249. Trepat X, Wasserman MR, Angelini TE, Millet E, Weitz DA, Butler JP, Fredberg JJ. 2009 
Physical forces during collective cell migration. Nat. Phys. 5, 426–430. (doi:10.1038/nphys1269) 

250. Mol A, Rutten MCM, Driessen NJB, Bouten CVC, Zünd G, Baaijens FPT, Hoerstrup SP. 2006 
Autologous human tissue-engineered heart valves: prospects for systemic application. Circulation 
114, I–152–I–158. (doi:10.1161/CIRCULATIONAHA.105.001123) 

251. Zhang Y, Ge C, Zhu C, Salaita K. 2014 DNA-based digital tension probes reveal integrin forces 
during early cell adhesion. Nat. Commun. 5, 1–10. (doi:10.1038/ncomms6167) 

252. Cho Y, Park EY, Ko E, Park J, Shin JH. 2016 Recent Advances in Biological Uses of Traction 
Force Microscopy. Int. J. Precis. Eng. Manuf. 17, 1401–1412. (doi:10.1007/s12541-016-0166-x) 

253. Wissing TB, Bonito V, Bouten CVC, Smits AIPM. 2017 Biomaterial-driven in situ 
cardiovascular tissue engineering — a multi-disciplinary perspective. npj Regen. Med. 2, 1–19. 
(doi:10.1038/s41536-017-0023-2) 

254. Goethem E Van, Poincloux R, Maridonneau-parini I, Le V. 2010 Matrix Architecture Dictates 
Three-Dimensional Migration Modes of Human Macrophages: Differential Involvement of 
Proteases and Podosome-Like Structures. J. Immunol. 184, 1049–1061. 
(doi:10.4049/jimmunol.0902223) 

255. McWhorter FY, Wang T, Nguyen P, Chung T, Liu WF. 2013 Modulation of macrophage 
phenotype by cell shape. Proc. Natl. Acad. Sci. 110, 17253–17258. (doi:10.1073/pnas.1308887110) 

256. Broers JL V, Peeters E a G, Kuijpers HJH, Endert J, Bouten CVC, Oomens CWJ, Baaijens 
FPT, Ramaekers FCS. 2004 Decreased mechanical stiffness in LMNA-/- cells is caused by 
defective nucleo-cytoskeletal integrity: implications for the development of laminopathies. Hum. 
Mol. Genet. 13, 2567–80. (doi:10.1093/hmg/ddh295) 

257. Lammerding J, Schulze PC, Takahashi T, Kozlov S, Sullivan T, Kamm RD, Stewart CL, Lee RT. 
2004 Lamin A / C deficiency causes defective nuclear mechanics and mechanotransduction. J. 
Clin. Invest. 113, 370–378. (doi:10.1172/JCI200419670.Introduction) 

258. Ingber D. 2003 Mechanobiology and diseases of mechanotransduction. Ann. Med. 35, 567–577. 
(doi:10.1080/07853890310016333) 

259. Sales A, Picart C, Kemkemer R. 2019 Age-dependent migratory behavior of human endothelial 
cells revealed by substrate microtopography. Exp. Cell Res. 374, 1–11. 
(doi:10.1016/j.yexcr.2018.10.008) 

260. Warner H, Wilson BJ, Caswell PT. 2019 Control of adhesion and protrusion in cell migration by 
Rho GTPases. Curr. Opin. Cell Biol. 56, 64–70. (doi:10.1016/j.ceb.2018.09.003) 



 Bibliography 

 

162 
 

261. Ridley AJ. 2015 Rho GTPase signalling in cell migration. Curr. Opin. Cell Biol. 36, 103–112. 
(doi:10.1016/j.ceb.2015.08.005) 

262. Valon L, Marín-Llaurado A, Wyatt T, Charras G, Trepat X. 2017 Optogenetic control of cellular 
forces and mechanotransduction. Nat. Commun. 8, 1–10. (doi:10.1038/ncomms14396) 

263. Foolen J, Janssen-van den Broek MWJT, Baaijens FPT. 2014 Synergy between Rho signaling 
and matrix density in cyclic stretch-induced stress fiber organization. Acta Biomater. 10, 1876–85. 
(doi:10.1016/j.actbio.2013.12.001) 

264. Rape A, Guo W, Wang Y. 2011 Microtubule depolymerization induces traction force increase 
through two distinct pathways. J. Cell Sci. 124, 4233–4240. (doi:10.1242/jcs.090563) 

265. Kolodney MS, Elson EL. 1995 Contraction due to microtubule disruption is associated with 
increased phosphorylation of myosin regulatory light chain. Proc. Natl. Acad. Sci. 92, 10252–
10256. (doi:10.1073/pnas.92.22.10252) 

266. Elosegui-Artola A et al. 2017 Force Triggers YAP Nuclear Entry by Regulating Transport across 
Nuclear Pores Article Force Triggers YAP Nuclear Entry by Regulating Transport across 
Nuclear Pores. Cell 171, 1397–1410.e14. (doi:10.1016/j.cell.2017.10.008) 

267. Honigmann A, Nadler A. 2018 The Next Frontier : Quantitative Biochemistry in Living Cells. 
Biochemistry 57, 47–55. (doi:10.1021/acs.biochem.7b01060)  

 



 

163 

 

Acknowledgements 
 

Beste Carlijn, ik wil je graag bedanken dat ik mijn promotieonderzoek in jouw groep mocht 

uitvoeren. Ik heb ontzettend veel geleerd op veel verschillende vlakken in de afgelopen jaren. 

Bedankt voor alle feedback tijdens mijn PhD traject en op de hoofdstukken van deze thesis. Ik 

wil je tevens bedanken voor de mogelijkheden die je mij hebt geboden om me verder te 

ontwikkelen bij het geven van presentaties op congressen en het geven van verschillende 

vormen van onderwijs.  

Dear Nicholas, thank you for your enthusiastic guidance, your help and feedback. With your 

expertise and creativity, you had the ability to look at the data from different angels. Our 

discussions about the data were very helpful and enjoyable. 

I would like to thank all committee members for reading and evaluating my PhD thesis. Dear 

Ansgar, it was a pleasure to collaborate with you. I highly appreciate your dedication and 

expertise in this field of research. Thank you for your insights and feedback. Dear Doris 

Heinrich, I am grateful that you agreed to be a member of my PhD committee. We met a while 

ago on a conference and it was very nice to talk to you about our shared interest in this field of 

research. Beste Jaap, ik wil je graag bedanken voor het meedenken over de 

productiemogelijkheden van de chip mal. Dankzij jouw advies hebben we een erg mooie mal 

kunnen laten produceren wat onmisbaar was voor al het onderzoek in deze thesis. Beste Kees, 

bedankt dat je bij de verdediging zult zijn. Het was ontzettend leuk en leerzaam dat ik een tijd 

met jou en Cyril heb mogen samenwerken aan een interessant project. Beste Jan, bedankt dat je 

met jouw expertise op het gebied van celbiologie en topografieën mijn thesis zal evalueren. To 

all committee members: I am looking forward to our discussions during the defense. 

Ik heb erg genoten van het goede contact tussen de collega’s en er zijn veel mensen die ik 

graag zou willen bedanken. Allereerst wil ik alle collega’s van het Cellab bedanken, het was 

ontzettend leuk om met jullie samen te werken. Het Cellab is een bijzondere plek waar 

geconcentreerd werken (inclusief af en toe bloed, zweet en tranen) wordt afgewisseld met 

lachen, gieren, brullen. Also a very big thank you to all members of the STEM group and the 

Microfab lab! Ik wil graag Yuana, Moniek, Sylvia, Marina, Marloes en Sheen hartelijk bedanken 

voor alle hulp bij mijn vragen over het lab, bestellingen, kleuringen, PCR, plasma ashers en nog 

veel meer. Beste Mark, dankjewel voor je hulp en het beantwoorden van al mijn vragen over de 

microscopen. Beste Jurgen, bedankt voor het fabriceren van onderdelen die ik nodig had bij 

verschillende experimentele opstellingen. Beste Anthal en Jasper, ik vond het ontzettend leuk 

om een tijdje met jullie samen aan een gaaf project gewerkt te hebben. Beste Lieke, Giulia en 

Luuk, het was een genoegen om met jullie samen te werken en jullie te mogen begeleiden bij 

jullie master thesis onderzoek. Dan nu een ode aan alle mensen waarmee ik samen in het 

geweldig leuke kantoor GEM-Z 4.12 heb mogen werken. Lieve collega’s, bedankt voor alle 



 

164 
 

gesprekken (variërend van gekkigheid tijdens de lunchpauze tot serieuze peptalks), koffie 

pauzes (vooral die met taart waren lekker) en de kantooruitjes. I also would like to thank the 

whole Cellular Biomechanics group at the Julius Wolff Institute for their help and kindness 

during my 2 week visit during my PhD. Dear Gabriela, thank you for sharing your expertise on 

immunohistochemistry and for all your help with the stainings. Dear Iwona, thank you for all 

your help in the cell lab. It was a great pleasure to work with all of you.  

Beste Gitta, ik durf met zekerheid te zeggen dat ik met niemand zoveel aan één stuk kan praten 

als met jou. Dankjewel dat we zo fijn hebben samengewerkt in de afgelopen jaren en bovenal 

dankjewel voor je vriendschap. Het is ontzettend fijn om met iemand samen te werken 

waarmee je alles kunt bespreken en die je met ogen dicht 100% vertrouwd. Beste Rob, voor 

mijn gevoel was jij altijd in het lab te vinden. Door de gele deuren naar binnen en daar is Rob, 

altijd in voor een gezellig praatje. Jouw vriendelijkheid, oprechtheid, behulpzaamheid en 

uiteraard een fijne dosis humor maken jou een geweldige collega. Lieve Gitta en Rob, ik ben 

heel erg dankbaar dat jullie mij als paranimfen zullen steunen tijdens mijn verdediging.       

Ik wil heel graag mijn vrienden bedanken voor de fijne gesprekken, etentjes en wandelingen. 

Lieve mensen van de WBW, dat ik in mijn studententijd met jullie heb samengewoond is een 

van de beste dingen die me heeft kunnen overkomen. Ik ben heel erg dankbaar dat we, 

ondanks dat we intussen vrij ver uit elkaar wonen, nog steeds zo goed contact hebben. Bij jullie 

kan ik volledig mezelf zijn. De spelletjesmiddagen en uiteraard de vakanties zijn altijd geweldig. 

Ik wil ook mijn lieve schoonfamilie bedanken. Dank jullie wel voor jullie oprechte interesse en 

jarenlange steun. Ik geniet altijd enorm van alle gesprekken die we hebben. Ik voel me 

helemaal thuis bij jullie en ik had me geen leukere schoonfamilie kunnen wensen. 

Lieve Papa en Mama, ik kan in geen woorden uitdrukken hoe dankbaar ik ben voor jullie 

onvoorwaardelijke liefde en steun. Bedankt dat jullie altijd voor mij klaar staan.  

Lieve Robert, dankjewel voor je steun en je goede zorgen. Ik ben onbeschrijfbaar dankbaar en 

gelukkig dat jij in mijn leven bent.  

 

  

 



 

165 

 

List of publications 

 

M. Werner, S. B. G. Blanquer, S. P. Haimi, G. Korus, J. W. C. Dunlop, G. N. Duda, D. W. 
Grijpma, A. Petersen, Surface Curvature Differentially Regulates Stem Cell Migration and 
Differentiation via Altered Attachment Morphology and Nuclear Deformation, Advanced 
Science 4, 1600347 (2017) 
 
S. B. G. Blanquer, M. Werner, M. Hannula, S. Sharifi, G. P. R. Lajoinie, D. Eglin, J. Hyttinen, 
A. A. Poot, D. W. Grijpma, Surface curvature in triply-periodic minimal surface architectures 
as a distinct design parameter in preparing advanced tissue engineering scaffolds, 
Biofabrication 9 (2017) 
 
M. Werner, N. A. Kurniawan, G. Korus, C.V.C. Bouten, A. Petersen, Mesoscale substrate 
curvature overrules nanoscale contact guidance to direct bone marrow stromal cell migration, 
J. R. Soc. Interface 15 (2018) 
 
M. Werner, A. Petersen, N. A. Kurniawan, C.V.C. Bouten, Cell-perceived substrate curvature 
coordinates direction, speed, and persistence of cell migration, submitted 
 
A.B.C. Buskermolen*, M. Werner*, C.V.C. Bouten, N.A. Kurniawan, Generating protein 
micropatterns on curved substrates to study the combined effect of contact guidance and 
curvature guidance on cell, nucleus and stress fiber orientation, in preparation. 
* Authors contributed equally 
 
M. Werner, N.A. Kurniawan, C.V.C. Bouten, Cellular geometry sensing at different length 
scales and its implications for scaffold design, in preparation 
  



 

166 
 

Curriculum Vitae 

 

Maike Werner was born on May 10th, 1990 in Geesthacht, Germany. At the age of three she 

moved with her parents to Assen, the Netherlands. After finishing her pre-university education 

(VWO) in 2008 at the Dr. Nassau College in Assen, she moved to Enschede to study 

Technical Medicine at the University of Twente. She obtained her Bachelor’s degree in 2011, 

after which she studied a semester at the Westfälische Wilhelms-Universität in Münster. 

Subsequently, she studied Biomedical Engineering at the University of Twente. She performed 

her master’s thesis research in a collaboration project between the Julius Wolff Institute in 

Berlin and the University of Twente. She obtained her master’s degree in Biomedical 

Engineering (cum laude) in 2014. From October 2014 she started a PhD project at Eindhoven 

University of Technology in the Soft Tissue Engineering and Mechanobiology group of which 

the results are presented in this thesis.  

 


