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Abstract 

The introduction of novel bioactive materials to manipulate living cell behavior is 

a crucial topic for biomedical research and tissue engineering. Biomaterials or 

surface patterns that boost specific cell functions can enable innovative new 

products in cell culture and diagnostics. This study aims at investigating the 

interaction of living cells with microstructured, nanostructured and nanoporous 

material surfaces in order to identify distinct systematics in cell-material interplay. 

For this purpose, three different studies were carried out and yielded individual 

effects on different cell functions.  

Cell migration processes are controlled by sensitive interaction with external cues 

such as topographic structures of the cell's environment. The first part of this study 

presents systematically controlled assays to investigate the effects of spatial 

density and local geometry of micron scale topographic cues on amoeboid 

migration of Dictyostelium discoideum cells in quasi-3D pillar fields with 

systematic variation of inter-pillar distance and pillar lattice geometry. We can 

extract motility parameters in order to elucidate the details of amoeboid migration 

mechanisms and consolidate them in a two-state contact-controlled motility 

model, distinguishing directed and random phases. Specifically, we find that 

directed pillar-to-pillar runs are found preferably in high pillar density regions, 

and cells in directed motion states sense pillars as attractive topographic stimuli. 

In contrast, cell motion in random probing states is inhibited by high pillar density, 

where pillars act as obstacles for cell motion. In a gradient spatial density, these 

mechanisms lead to topographic guidance of cells, with a general trend towards a 

regime of inter-pillar spacing close to the cell diameter. In locally anisotropic pillar 

environments, cell migration is often found to be damped due to competing 

attraction by different pillars in close proximity and due to lack of other potential 

stimuli in the vicinity of the cell. Further, we demonstrate topographic cell 

guidance reflecting the lattice geometry of the quasi-3D environment by distinct 

preferences in migration direction.  



 
 

 
 

 

We further investigate amoeboid single-cell migration on intrinsically nano-

structured, biodegradable silica fibers in comparison to chemically equivalent 

plain glass surfaces. Cell migration trajectories are classified into directed runs and 

quasi-random migration by a local mean squared displacement (LMSD) analysis. 

We find that directed movement on silica fibers is enhanced in a significant manner 

by the fibers' nanoscale surface-patterns. Further, cell adhesion on the silica fibers 

is a microtubule-mediated process. Cells lacking microtubules detach from the 

fibers, but adhere well to glass surfaces. Knock-out mutants of myosin II migrating 

on the fibers are as active as cells with active myosin II, while the migration of the 

knock-out mutants is hindered on plain glass.  

We investigate the influence of the intrinsically nano-patterned surface of 

nanoporous glass membranes on the behavior of mammalian cells. Three different 

cell lines and primary human mesenchymal stem cells (hMSCs) proliferate readily 

on nanoporous glass membranes with mean pore sizes between 10 nm and 124 

nm. In both proliferation and mRNA expression experiments, L929 fibroblasts 

show a distinct trend towards mean pore sizes > 80 nm. For primary hMSCs, 

excellent proliferation is observed on all nanoporous surfaces. hMSC on samples 

with 17 nm pore size display increased expression of COL10, COL2A1 and SOX9, 

especially during the first two weeks of culture. In upside down culture, SK MEL-

28 cells on nanoporous glass resist the gravitational force and proliferate well in 

contrast to cells on flat references. The effect of paclitaxel treatment of MDA MB 

321 breast cancer cells is already visible after 48 h on nanoporous membranes and 

strongly pronounced in comparison to reference samples.  

The studies presented in this work showed novel and distinct effects of micro- and 

nanoscale topographies on the behavior of various types of living cells. These 

examples display how versatile the potential for applications of bioactive materials 

could become in the next years and decades. And yet this variety of different 

alterations of cell functions due to topographic cues also shows the crucial part of 

this field of research: Carving out distinct, robust correlations of external cues and 

cell behavior is of utmost importance to derive definitive design implications that 

can lead to scientifically, clinically and commercially successful products. 
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I.  INTRODUCTION 

 

1. Motivation 

1.1 The Problem: Translation Gap Between Research and 

Clinic 

The knowledge of physiological processes is growing rapidly as more and more 

details of functional units inside the human body get elucidated. However, 

compared to the billions that are invested in biomedical research every year, 

very few revolutionary new materials, drugs, or treatments make it to the 

clinic. Although there is an abundance of technologic innovation coming from 

research institutions and industry, there is still a giant gap between research 

and translation into clinical practice1.  

One major reason for this gap lies in the standard methodologies of biomedical 

research: Most studies on cell behavior are performed with standards that have 

been developed in the 1960s. For most applications, 2D cell cultures on 

surfaces made of polystyrene and borosilicate glass cannot reflect the 

complexity of the physiological, three-dimensional environment inside the 

human body, where a cell is exposed to a wide range of stimuli2.  

Nevertheless, simple 2D culture is - to this date - still the standard for in vitro 

investigations in the medical device and pharmaceutical industries. A very 

illustrative example is drug development: Although 2D cell cultures help to 

robustly identify active agents that have effects on human cells in the first place, 

many drug candidates fail at the point of translation from in vitro to in vivo. 

Failures at this point are not only financially an issue – even more important, 
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the lives of test animals are often sacrificed for drugs that in the end lack the 

desired effects3,4. 

However, cell-based research is still the approach that should be followed for 

biomedical investigations, as most cell types can be easily expanded in cell 

culture at a moderate cost and in large scales. To yield more realistic results, 

the focus should be on techniques that mimic functional parts of physiological 

systems to have more reliable results for translational medicine. Good 

examples are clearly defined co-cultures to include cell-cell signalling and 

mechanical interaction5 or functional surfaces that influence cell behavior by 

soluble or insoluble cues. 

The obvious solution to this problem would be cell culture in a physiological 

3D environment similar to tissues in the human body. In accordance with this 

assumption, cell studies inside 3D models that either mimic biological tissues 

or are directly derived from biological matrices benefit from a more realistic 

cell behavior. Unfortunately, biologically derived/produced 3D culture 

environments such as matrices or cell spheroids have significant disadvantages 

for use in large-scale high-throughput studies and in standard cell culture6: 

1. High variability  

a. Matrices: Natural variance due to biological production 

b. Spheroids: Variations due to different history / passage of 

cultured cells 

c. Number of cells cannot be exactly counted 

2. Significantly higher costs  

a. Costly production from biological starting materials compared 

to cheap, industrial plastic production for 2D culture substrates 

b. More time intensive cell culture 

i. Modifications to standardized culture methods needed 

ii. No cheap, automatic processing possible 

3. Limited storage possibilities 
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a. Matrices can lose some of their features upon freezing / thawing 

and need additional storage in the freezer 

b. Spheroids: no storage possible 

4. Poor optical characteristics in everyday laboratory use due to dense 

tissue structure (microscope, optical evaluation) 

In contrast, the advantages of simple 2D cultures in transparent Petri dishes, 

culture bottles, or corrugated plates are obvious: 

1. Standardized, simple handling in the sterile bench 

2. Planar culture surface 

3. Homogeneous cell colonization 

4. Optical characteristics suitable for microscope and optical tests 

5. Autoclavability or sterilizability 

6. Large-scale pre-production and storage 

Due to this dilemma between easy handling (2D) and physiological cell 

behavior (3D), there is a great need for new materials and products which fulfil 

the above-mentioned advantages, but induce a more realistic cell behavior. In 

all areas where in vitro investigations are carried out on cells, novel, more 

physiological culture surfaces that map a certain cell behavior better than 

current surfaces or can accelerate biological processes would be a major step 

forward. Even more beneficial, research should aim at an easy integration into 

existing standard laboratory equipment and high-throughput experiments to 

facilitate existing processes and save both time and money during drug 

development. 

1.2 The Missing Link: Novel Bioactive Materials 

For all these approaches, one thing is desperately needed: Novel bioactive 

materials. In the past decades, biomaterials research has created an abundance 

of biocompatible materials and today, there are many implantable devices that 
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are either completely biodegradable (e.g. degradable suture material) or 

bioinert7 – but not bioactive. Or even worse, they show adverse effects in long-

term use. For example, the major caveats of hip endoprostheses are material-

intrinsic: Ceramic-metal bearings have a higher risk of fractures upon 

traumatic incidents8. For metallic-metallic bearings, there is a constant 

abrasion of potentially allergenic9 or toxic10 particles that can cause chronic 

local inflammation and induce severe osteolysis11. This is why the focus in 

biomaterials research is turning more and more on bioactivity instead of just 

biocompatibility. Major aims in this field of research are materials that 

specifically modulate cell functions into a certain direction: 

- Maximized cell adhesion of specific cell types 

o E.g. for implants to regenerate bones/cartilage and for the 

culture of sensitive cells like stem cells 

- Minimized general cell adhesion 

o E.g. for medical stents or wound dressings 

- Increased/decreased cell migration 

o E.g. for scaffolds after tissue ruptures 

- Minimized/maximized protein adhesion and deposition 

o E.g. mimicking specific parts of the ECM 

- Minimized encapsulation 

o E.g. for bone prostheses 

- Active bio-degradation and release of drugs or nutrients 

o E.g. for scaffold that will be replaced by tissue-ingrowth 

- Optimization for different chemical milieus in the human body 

o E.g. scaffolds that withstand the acidity in the stomach 

- Alteration of cellular gene expression 

o E.g. to suppress the triggering of further immune reaction 

- Induction of cell differentiation 

o E.g. for distinct stem cell differentiation in vitro and in vivo  
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These versatile requirements are the reason why studying the cell-material 

interface and its effect on single cells and multicellular systems is one of the 

most important topics of biomedical research. In this highly multidisciplinary 

field at the intersection of chemistry, physics, materials science, mathematics 

and biology, the number of publications is exponentially growing since the 

1980s on PubMed, the standard resource for medical research. In comparison, 

classic medical research topics like “bone”, “cancer” or “skin” have a rather 

linear increase in publication numbers. This underlines the growing 

importance of bioactive materials for medical research. 

2. Aim & Outline of this Work 

This study aims at investigating the interaction of living cells with 

microstructured, nanostructured, and nanoporous material surfaces in order 

to identify distinct systematics in cell-material interplay. For this purpose, 

three different studies were carried out and yielded individual effects on 

different cell functions.  

After the motivation and outline given in Chapter I, Chapter II will lead into the 

topic by giving an overview on the scientific background on the underlying 

mechanisms and factors involved in cell-material interaction.  

Chapters III-V contain the three publications published during the course of 

this cumulative dissertation. 

Chapter VI closes the main part of this thesis with a joint discussion and the 

deduction of conclusions and implications for future studies and potential 

applications.  

As an addendum outside of the main research topic, chapter VII displays the 

content of a mini-review published during the writing of this thesis. It gives 
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insight into the challenges of tissue engineering research and the investigation 

of smaller scale processes inside living cells.  

2.1 Cell Migration Inside Controlled Microtopographies 

In the first part of this work, cell migration was probed by systematically 

controlled assays to assess the influence of symmetric and asymmetric micron-

scale topographic cues. Polydimethylsiloxane (PDMS) micro-pillar fields were 

fabricated, consisting of lattices of trigonal (isotropic) and 

hexagonal/honeycomb (anisotropic) geometry with defined density gradients, 

providing spatially controlled quasi-3D environments for cell migration. PDMS 

is a comprehensively characterized and commonly used material, which 

provides a well-controllable model environment for systematic cell migration 

studies12,13.  

The eukaryotic slime mold Dictyostelium discoideum (Dd) was utilized to 

study amoeboid migration inside the described PDMS pillar fields. Due to its 

simple cell culture conditions and its fast migration velocities, it has become 

the most common model organism for the study of amoeboid cell migration14.  

2.2 Cell Migration on Nanostructured Surfaces 

The second part of this work is dedicated to elucidating the interaction of living 

cells with nanostructured surfaces. As cellular processes like filopodia are in 

the same size range as surface nanoscale features, the migration can be highly 

influenced by nanostructures present at the substrate surface. 

In this study, biodegradable, intrinsically nanostructured silica fibers were 

used as substrate for cell migration. The fibers are derived from a sol-gel 

process and were initially designed to fabricate fleeces that are CE-certified for 

the use as a wound dressing15. This work is based on a previous study on 

amoeboid migration on single fibers from these fleeces and further investigates 
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the mechanism of adhesion utilizing mutant cells and cytoskeleton-altering 

drugs. Again, Dd cells were used for the migration experiments. 

2.3 Modulation of Mammalian Cell Behavior by Nanoporous 

Glass 

In the human body, there are various types of nanoporous membranes and 

surfaces that are crucial for many physiological processes: For this purpose, the 

last and biggest part of the thesis is dedicated to investigating the interaction 

of living cells with nanoporous glass membranes16. Glasses are an interesting 

material class for biomedical research and have been used in biological 

applications for decades. Having a long tradition in glass fabrication, 

processing techniques, and chemical functionalization, Fraunhofer ISC will 

greatly benefit of novel applications for nanoporous glasses in biomedical 

application. For this purpose, the reaction of various cell types to the 

nanoporous glass membranes was probed. This includes the investigation of 

cell adhesion, proliferation, gene expression, and cell differentiation. In 

addition, the reactivity to a microtubule-altering drug that is part of the 

standard treatment for different cancer types was tested in a functional drug 

assay. 

For the experiments in this study, different types of cell lines were utilized. 

L929 mouse fibroblasts are one of the most common cell lines in today’s cell 

culture. In fact, they are the gold standard for cytotoxicity assays and 

biocompatibility evaluation studies and were used for proliferation and gene 

expression experiments in this study. For stem cell differentiation experiments, 

primary human mesenchymal stem cells extracted from the hip joints of two 

patients were seeded onto the samples. The melanoma cell line SK-MEL-28 was 

chosen for adhesion experiments in reaction to nanoporous glass membranes. 

MDA-MB-321 breast cancer cells were utilized for functional tests on the 

reaction of tumor cells to a microtubule-diminishing anti-cancer drug.  
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II. SCIENTIFIC BACKGROUND 

 

Chapters II.1 and II.2.5 are partly based on the published mini-review 

“Challenges in tissue engineering – towards cell control inside artificial 

scaffolds” 

by Martin Emmert, Patrick Witzel and Doris Heinrich  

in Soft Matter, 2016, 12, 4287-4294. 

The complete manuscript is part of this work as Part VII (Addendum). 
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1. Introduction 

Managing the reaction of living cells to material surfaces is the crucial aspect of 

biomaterials research. If essential cell functions are influenced in a direction 

that is detrimental to the intended use, a material is not suitable for application. 

Thus, a thorough understanding and analysis of different cell functions in 

reaction to material surfaces is of utmost importance for this research area, 

especially the most vital cell functions adhesion, migration, proliferation, gene 

expression, and cell differentiation.  

So what are the key components of this interface interaction on both sides? As 

for every interface, a high-level look leaves us with two components: Cell and 

material. Chapter II.2 will have a closer look on the biological concepts and the 

low-level mechanical and biological building blocks of these two interfacing 

systems in nature and their influence on different cell functions. After that, 

Chapter II.3 will provide an overview on the material preparation and analysis 

methods applied for this work to complement a comprehensive introduction 

into the three studies carried out in Chapters III-V.   

To ensure the viability of living cells, a great variety of biochemical and physical 

processes have to be coordinated17. This sophisticated out-of-equilibrium 

system is orchestrated by complex interdependent processes within the 

extremely crowded and active cell interior. Chemical and physical signals in 

and outside of cells determine biological processes, such as cell migration and 

morphogenesis18. Mechanisms of cell functions are based on highly organized 

intracellular structures and systems, ranging in size from the nano- to the 

micron-scale. These structures are intrinsically dynamic, exhibiting active and 

passive transport phenomena to pass on information between different regions 

inside the cell19.  

While the genome provides the blueprint for all vital processes, the interaction 

of living cells with their environment determines cell functions. Not only 
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molecular concentration gradients20 but also mechanical interactions with 3D 

scaffolds of the extracellular matrix determine functionality of living cells, such 

as adhesion, migration, proliferation, and differentiation21.  

A new insight into disease mechanisms is of utmost importance to develop 

novel strategies for curing diseases like neuronal degeneracy22,23, cancer24, and 

inflammation25 or to identify the mechanistic origins of rare diseases. 

Additionally, this understanding will promote the development of innovative 

cell guiding strategies, e.g. for scaffold design in tissue engineering and 

innovative cell sorting techniques for diagnostic purposes. 

2. Biological Systems & Cell Functions 

2.1 The Extracellular Matrix 

In the human body, cells are surrounded by a physical, three-dimensional 

scaffold, generalized as the extracellular matrix (ECM). All types of tissue are 

constituted by a specific combination of ECM and cells. The ECM mainly 

consists of collagen, glycoproteins, fibrin, fibronectin, glycosaminoglycans, and 

other macromolecules26,27. The exact composition differs around different 

types of tissue and organs, evolutionarily tailored towards the specific 

requirements for homeostasis, morphogenesis, and cell differentiation inside 

the respective area of the body. Besides providing cell adhesion and structure 

within the living organism, the ECM constituents and their density and spatial 

arrangement also have a triggering function for various essential biochemical 

and biomechanical pathways28,29.  

Tissue in the human and mammalian body can be subdivided into connective, 

muscle, nervous, and epithelial tissue. The ECM components of most connective 

tissues are mainly secreted by fibroblasts who build up the tissue substance. In 

more specialized connective tissues like bone or cartilage, the ECM is produced 
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by highly differentiated cells like osteoblasts or chondroblasts30. Cells in 

connective tissues are usually very sparsely distributed and are often not in 

contact with each other – with the tissue taking up most of the mechanical 

load31. Thus, cell-ECM interfaces are predominant in most connective tissues. 

In epithelial tissue, a more complex interaction is observed: Here, the stability 

upon deformation is maintained mainly by cell-cell adhesions, while cell-ECM 

interaction plays a crucial role in cell polarization and differentiation32. These 

are only exemplary types of interaction – but they display the essential 

importance for biomaterials research to take the specific physiological 

interactions of the desired applications and utilized cell types into account. For 

this work, only cell-matrix adhesion is interesting as the studies investigate 

direct cell-material interaction. 

2.2 The Cytoskeleton 

In order to understand the mechanics of cell adhesion and migration, it is 

necessary to give an overview on the underlying structure that enables a cell to 

interact with its surroundings, the cytoskeleton. Its main functions are: 

1. The spatial organization of the cell components and effective 

intracellular transport 

2. The physical and biochemical connection to the cell’s vicinity 

3. Force generation at the nanoscale for migration and shape change   

To provide these functions, the cytoskeleton is comprised of different, highly 

dynamic structures that are undergoing constant change21: Figure 1 gives a 

schematic illustration of the three major filament structures of the 

cytoskeleton. They are build up by monomers that possess a polarity that is 

conserved in the resulting polymers and can be used by molecular motors like 

kinesin, dynein, or myosin33. Microtubules (green in Figure 1), the most rigid 

of cytoskeletal polymers, are crucial pathways for intracellular protein and 
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material transport and serve as central nodes for these processes. In addition, 

they form the spindle apparatus utilized for chromosome separation during 

cell division34. They can span the whole diameter of a cell and are subject to 

constant change and reorganization, depending on the regulation of cell 

functions and the resulting needs for transport of building blocks. Actin 

filaments (red in Figure 1) are initially much less rigid than microtubules, but 

can form various architectures of bundled networks that are stabilized by 

effective crosslinking. Branched, gel-like actin networks can be found in the cell 

cortex and are very important in cell division, while contractile bundles are 

present in actin stress fibers. Tight parallel bundles are found in protrusions 

build up for phagocytosis or inside filopodia, small, finger-like protrusions that 

are build up for exploring the cell’s vicinity21. Intermediate filaments are 

mainly needed to support and stabilize the cell structure and can be made up 

of different proteins like desmin, keratin, vimentin, lamine, or 

neurofilaments35,36.  

 

Figure 1: Microscopy images of an eukaryotic cell undergoing mitosis (cell division), with 
stainings for microtubules (green), actin (red) and DNA (blue)37. 

2.3 Cell Adhesion 

Cell adhesion is one of the most crucial mechanisms in the human body. 

Without cell-matrix adhesion, i.e. cells adhering to tissue or the ECM, and cell-

cell adhesion, i.e. cells adhering to each other, there would be no stability in the 

body. Basically, there are two types of cell adhesion behavior: Adherent cells 

and non-adherent cells. Prominent non-adherent cells are all types of blood 

cells and immune cells that are floating around in the blood stream. 
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Interestingly, cell adhesion is a very dynamic process: Non-adherent 

leukocytes can quickly react to chemotactic cues, e.g. when pathogens invade a 

skin wound and the surrounding tissue cells secret chemokines to attract cells 

of the immune response. In reaction to these chemokines, leukocytes become 

adherent to the wall of the nearest blood vessel and then exit the vessel to 

perform amoeboid migration through the extracellular matrix to enter and 

clear the wound site26,38–41 (for details, see Chapter 2.5). The majority of cells 

in living organisms is adherent. Adherent cells live inside the ECM or form 

functional units themselves to build up different types of tissues, e.g. organs, 

bones, blood vessels, and the skin. Examples for adherent cells are fibroblasts, 

neural cells, or epithelial cells. The dynamic cell adhesion in the three-

dimensional environment of tissues and organs is very different from behavior 

in 2D cell culture, where a more static adhesion to the flat surface takes place, 

while more than half of the cell body is exposed to the fluid cell culture medium 

instead of being connected to other cells or the ECM42. Standard cell culture 

surfaces are treated for increased adhesion of media proteins onto the surface, 

for example fibronectin or vitronectin43.  

For exploring its environment during adhesion and migration, a cell builds up 

lamellipodia and filopodia, actin-rich protrusions that are extended at the 

leading edge. While lamellipodia are wide, sheet-like protrusions made of 

dense meshworks of cross-linked actin filaments, filopodia are small, finger-

like protrusions consisting of tight parallel bundles of filamentous actin with 

diameters of 100-300 nm. Due to their sensory machinery, filopodia are 

important in many physiological processes like contact guidance and 

chemotaxis. They are often the pioneering cellular processes that probe the 

extracellular environments in order to evaluate the possibilities for cell 

adhesion. Their signaling cascades propagate to the inside of the cell to induce 

changes in the cytoskeleton and the transport processes necessary for the 

generation of traction forces for the movement of the cell body44,45. At the tips 

of filopodia, proteins for creating first adhesion points are concentrated, 
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namely integrins and cadherins. Due to this, filopodia act as “sticky fingers” that 

probe the environment to create first contact points to a novel surface inside 

the human body or in vitro46. In addition, filopodia also establish first contacts 

to neighboring cells to initiate retraction or the buildup of cell-cell adhesion 

sites. In cell culture, this can be very important, for example when culturing 

epithelial cells: An underlying substrate that cannot provide the necessary 

stability or flexibility for the buildup of a stable epithelial cell layer with an 

active barrier function is not suitable for application47. 

The specific interplay of different cell types with a material’s interface can be 

very different. On stiffer substrates, cells tend to have more and stronger 

adhesion sites than cells on softer substrates. On the latter, cells exhibit softer 

and more dynamic adhesion sites. Thus, understanding the mechanisms of cell 

adhesion in reaction to a material surface is crucial for the development of 

bioactive materials that actively trigger and support certain cell functions and 

to influence tissue growth with the surface of a scaffold48.  

The modulation of these processes by a bioactive material is decisive for 

potential applications in research and medical products: For example, if a 

material surface exhibiting topographic features diminishes cell adhesion, it is 

not suitable for most cell culture or drug assays. However, it could be tested for 

applications where cell adhesion needs to be minimized, e.g. in metal stents and 

conductive materials49. In addition, a minimized cell adhesion area has been 

shown to trigger the differentiation of specific cell types such as human 

pluripotent stem cells50.  

2.4 Cell Proliferation 

Another vital cell function a biomaterial needs to support is cell proliferation, 

which is a direct consequence of repeated cell division and cell growth. As 

adherent cells that undergo mitosis detach most of their body from their 
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environment during cell division, mitosis is greatly dependent on cell adhesion 

and migration: Only materials that allow for the active disassembly of adhesion 

complexes, the post-mitotic re-adhesion, and repulsive migration of the 

daughter cells51 can be selected for long-term experiments or utilized as 

implants. After mitosis, the two daughter cells become fully adherent again and 

enter their own cell cycle. 

The cell cycle of eukaryotic cells is divided into two distinct phases (Figure 2): 

The interphase between cell divisions and mitosis, the orchestrated process of 

division into two “daughter” cells. Following cell division, the cell undergoes an 

initial growth phase (G1), where organelles and cytoskeletal components of the 

freshly divided cells grow and organize. During the interphase, a cell grows and 

its chromosomes and centrosomes are duplicated. After that, the cell divides in 

an orchestrated process: In the prophase, the duplicated chromatin is 

condensed and the nucleus gets fragmented. Next, in the metaphase, the 

chromosomes align and attach to the microtubules connected to the two 

centrosomes. During anaphase and telophase, the chromosomes first segregate 

and are transported towards the centrosomes. Then, new cell membranes are 

built up by cytokinesis and the daughter cells finally segregate. 

 

Figure 2: Schematic illustration of the cell cycle in eukaryotic cells52. 
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If one of those processes is disturbed or diminished by soluble or insoluble 

components of the underlying substrate, the cell will either not divide at all or 

undergo erratic division, potentially leading to apoptosis and genetically 

altered daughter cells that might be the starting point for tumor growth53,54.  

2.5 Cell Migration 

The ability of cells to migrate is an essential cell function for innumerable 

physiological processes, starting with the development of first cell clusters and 

tissue structures in embryonic development, the organization inside 

multicellular tissues, and the homeostasis of the organism.  

There are four factors governing cell migration mechanisms55: 

1. Adhesion 

2. Material stiffness 

3. Cell confinement 

4. Substrate topography 

In 2D cell culture on flat substrates, only material stiffness and the adhesion 

mechanism resulting from adhesion ligand density are influencing cell 

migration. In migration studies carried out in this work, the influence of cell 

confinement and substrate topography on amoeboid migration was 

investigated with a model organism. More detailed introductions on amoeboid 

migration and the respective topics can also be found in the respective chapters 

III.2 and IV.2.  

In the living organism, amoeboid cell migration plays a major role in both 

physiological and pathological situations. The human immune response is 

highly dependent on the ability of leukocytes to leave the blood vessels in 

response to chemical signals, crawl through tissues to their point of 

destination, and neutralize pathogens. In contrast, gene defects in the 
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regulation of immune cell migration can cause chronic inflammatory diseases 

when immune cells infiltrate random parts of the human body and get activated 

to create a toxic environment. Instead of killing intrusive bacteria or destroying 

pathogens, they can cause chronic pain and severe damage in healthy 

tissue56,57. Tumor metastasis is a very prominent example of the malignancy of 

pathologic aberrations in cell migration: Once a certain tumor size is reached 

and with ongoing mutations, the tumor gets closer to the basement membrane 

and blood vessels58. Due to mutations, cells can undergo epithelial-

mesenchymal transition (EMT) and become motile, allowing them to exit the 

tumor and crawl through the surrounding tissues. To become even more 

motile, some cells undergo amoeboid-mesenchymal transition (AMT), allowing 

them to increase their migration speed and contractility59. Eventually, they can 

penetrate the wall of a vessel and get carried away to be distributed to distant 

areas of the organism. There, they can become adherent again, proliferate, and 

build up metastasis. This plasticity of tumor cell migration makes amoeboid 

and general migration a very important topic, as the identification of near-

physiological models for tumor cell migration build up by novel material 

surfaces could greatly facilitate cancer drug research. 

Chapters 2.5.1 and 2.5.2 are published as part of the publication  

“Challenges in tissue engineering – towards cell control inside artificial 

scaffolds” by Martin Emmert*, Patrick Witzel and Doris Heinrich  

-- Soft Matter, 2016, 12, 4287–4294 (see Chapter VII – Addendum) 

 

2.5.1 Amoeboid Cell Migration 

In the absence of external cues, motile amoeboid cells migrate by the formation 

of stochastically generated pseudopods. The current model assumes two 

alternating motility modes: a random probing mode and a directed, fast 

migration mode60. This efficient “search strategy” is highly dynamic and can be 
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characterized by distinct differences in the protrusion frequency and angle 

distribution of successive turns in the migration direction61. Cell velocity and 

shape analysis during these random migration phases led to simple models of 

amoeboid random walk62. In the last decade, a refined view emerged 

considering correlations between the cellular orientation and the migration 

direction63–66. In the presence of mechanical or chemical cues, the protrusions 

can be stabilized and trigger directed migration by cell polarization67. This 

specific type of cell migration is observed in several eukaryotic cell 

types, e.g. stem cells, specific immune cells, or metastatic tumor cells68, which 

can travel long distances inside the complex tissues of the human body to reach 

their point of destination69. Thus, a profound understanding of the mechanisms 

governing amoeboid migration in 3D environments will facilitate novel 

approaches in diagnostics and therapy. It will give rise to the development of 

novel drugs in cancer therapy, targeting specific cytoskeletal parts or 

intracellular proteins that have been shown to promote tumor metastasis. 

Furthermore, the abilities for cell guidance by topographic cues will be of 

utmost importance for the 3D distribution of cells inside artificial scaffolds in 

tissue engineering. 

2.5.2 Cell-Substrate Interactions in Amoeboid Migration 

Spontaneous generation of pseudopods at random sites is a basic activity of 

vital cells and can be found in homogeneous cell migration environments 

lacking topographic and chemotactic stimuli. D. discoideum cells perform a 

special kind of random motion consisting of zig-zag-like motions over distances 

of about 20 μm and a subsequent change in the direction61,70,71. This motion 

behavior is correlated with the dynamics of pseudopod spreading. Pseudopods 

protrude constantly for several microns and stop abruptly. Then, the cell rear 

is retracted by unbinding from the substrate, decreasing the contact area. 

Subsequently, migration in a new direction is induced. Hence, cell motion is 

characterized by a concomitant cyclic variation of the contact area70.  
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The influence of surface structure and chemistry on this type of cell dynamics 

in D. discoideum cells during adhesion has been investigated quantitatively for 

different actin manipulating proteins by tracking the cell adhesion area and the 

protein distribution during the adhesion process66–69,71. The analysis of the gain 

and loss of contact area revealed fluctuations in forces of protrusion and 

retraction that prevent D. discoideum cells from approaching a steady-state of 

interaction with a substrate. In conclusion, non-monotonic cell spreading is 

induced by spatio-temporal patterns resulting from the interplay of motor 

proteins and regulatory proteins, either promoting or terminating the 

polymerization of actin66.  

The importance of substrate adhesion and interaction was stressed by 

investigations on the size and number of actin foci in D. discoideum, where a 

negative correlation between the actin foci number and the cell velocity was 

found72. Thus, amoeboid cell motility strongly depends on the interaction with 

the substrate. This is a very important principle for future studies and potential 

applications, as similar correlations between focal adhesion dynamics and cell 

motility have been found for other types of cell migration73.  

2.6 Gene Expression & Cell Differentiation 

While each cell nucleus inside the human body contains the exact same DNA, 

the regulation of the actual expression of these genes is extremely dynamic and 

individual for every cell. For this purpose, there are global signalling pathways 

(e.g. controlled by hormone secretion) that provide the baseline for each cell 

type. In addition, the activation of genes inside a single cell can be heavily 

influenced by its direct vicinity. As a consequence, every single cell of a certain 

cell type within a specific biochemical and topographical environment in the 

human body has its own individual gene expression profile, even though the 

DNA is the exact same74.  



II - Scientific Background 

 
 

 
21 

 

An abundance of developmental and regenerative processes in the human body 

is relying on the ability of cells to differentiate into specific subtypes of their 

original cell type. Cell differentiation is known among most living organisms 

and does take place during embryogenesis and morphogenesis. In addition, it 

is of great importance for many reparative and regenerative processes. Cellular 

differentiation is highly driven by gene expression in reaction to external 

stimuli – e.g. by other cells, topographic properties of the cell’s vicinity and 

other persistent physiochemical cues that permanently trigger or diminish 

specific expression pathways75,76.   

Most important for this work is the differentiation of human mesenchymal 

stem cells (hMSCs), which are a specific type of stem cells that can be found in 

various tissues inside the human body. They can differentiate into many types 

of progenitor and mature cells of connective tissue as well as bone, cartilage, 

muscle, marrow, tendon or ligament tissue (Figure 3).  

 

Figure 3: Schematic representation of possilities for MSC differentiation77 

Due to this regenerative nature and the fact that they can be relatively easy 

isolated from the bone marrow and expanded in culture, hMCS are a major 
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research target for regenerative medicine. For example, they could potentially 

be used for the buildup of in vitro tissue models or utilized for implantable 

devices. For the various differentiation pathways of hMSCs, there are diverse 

established protocols to trigger the commitment towards specific lineages78. As 

a drawback, these protocols are often very time and cost intensive. Thus, 

methods for inducing or supporting stem cell differentiation without additional 

stimuli could be of great benefit for biomedical research.  

3. Methodological Background 

3.1 Material Preparation 

For the different substrates used in cell experiments within this work, different 

base materials and preparation methods were utilized. As the chemical 

material synthesis itself was not the focus of this thesis and the author’s study 

program, most steps were performed by collaboration partners. However, the 

applied methods are explained in brief here to give the reader an insight into 

the technology. 

3.1.1 PDMS Micropillars  

In Chapter III of this work, micropillars fabricated by PDMS 

(Polydimethylsiloxane, Figure 4) molding of masks produced by standard 

photolithography techniques were utilized. Photolithography is one of the most 

readily available techniques for the fabrication of micro- and nanostructured 

materials. Nowadays, standard masks can be ordered from commercial 

suppliers and highly specialized techniques like soft lithography allow for the 

creation of masks with surface structures at the nanoscale. These masks can 

then be used for different polymer molding techniques to produce samples for 

cell experiments79. In recent years, small scale photolithography techniques 
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were advanced towards the fabrication of biomaterials, e.g. by micromolding, 

soft lithography or nano imprint lithography80. 

 

Figure 4: Structural formula of PDMS81. 

A stepwise description of the standard clean room photolithography and PDMS 

molding process used to produce the samples for cell experiments in 

Chapter III is depicted in Figure 5: (a) A silicon wafer is cleaned in nitrogen 

flow, (b) spin-coated with a standard negative photoresist, and heated for 

several minutes (soft-bake). (c) A chromium mask containing the desired 

structures is aligned over the wafer, followed by UV illumination for several 

seconds. The lit photoresist is now crosslinked, which is further strengthened 

by a hard-bake. After that, the unlit, non-crosslinked resist is washed away by 

several development steps, (d) leaving behind the stable master structure. To 

improve the unmolding of the PDMS later on, the master can be silanized, 

e.g. by vapor deposition of a fluorosilane. (e) For sample molding, degassed 

PDMS master mix, comprised of polydimethylsiloxane and a hardener, is 

poured onto the silanized master wafer and degassed again. After several hours 

at 60-70 °C, the PDMS is crosslinked and can be peeled off, (f) yielding a 

structured PDMS substrate. For use in cell experiments, subsequent Argon 

plasma treatment is recommended in order to make the surface hydrophilic 

and thus, ready for cell culture. 
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Figure 5: Schematic representation of a standard photolithography process, followed by 
PDMS molding82. 

 

3.1.2 Nanostructured Silica Fibers 

The sol-gel process is a chemical preparation method for the powderless 

fabrication of solid materials from colloidal solutions83. Different types of end 

products can be achieved as depicted in Figure 6: Dense films can be deposited 

as coatings on various substrates via coating processes such as dip-coating or 

spin-drawing. In addition, uniform (nano)particles, dense ceramics, aerogels 

and even fibrous materials can be fabricated at much lower temperatures than 

in usual solid-state processes84.  
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In sol-gel process for silica materials, a colloidal solution of inorganic 

precursors (“sol”) is prepared by concurrent hydrolysis and condensation 

reactions:  

Hydrolysis:   𝑆𝑖(𝑂𝑅)4 +  4 𝐻2𝑂 →  𝑆𝑖(𝑂𝐻)4 +  4 𝑅𝑂𝐻 

 

Condensation:   𝑆𝑖(𝑂𝐻)4 →  𝑆𝑖𝑂2 +  2 𝐻2𝑂 

 

Ongoing inorganic polymerization reactions of the species described above 

give rise to a growing network of siloxane bonds, forming a more viscous “sol”.  

This sol can be further ripened by controlling the evaporation of EtOH, the 

temperature and the aging time until it is ready for the desired application. In 

the case of coating processes, further polymerization (“gelation”) is triggered 

by solvent evaporation after the sol film is deposited on the substrate. This can 

also be supported by additional heat treatment.  

Higher volume sols need to be treated in reduced air pressure to form a gel that 

can be used for further processing85,86 like fiber spinning: The standard process 

utilized in this work is consisting of three steps: A mixture of tetraethoxysilane 

(TEOS), ethanol (EtOH), distilled water (H2O) and nitric acid (HNO3) was 

stirred at room temperature for several hours before removal of EtOH in a 

rotary evaporator. Then, sol ripening was carried out at low temperature15. 

During this, an abrupt increase of viscosity occurred. The following fiber 

spinning was performed through nozzle plates of 150 µm nozzle diameter. 

Fibers were deposited onto an X-Y table that can be used to define various 

fleece spinning scenarios.  
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Figure 6: Schematic representation of the sol-gel process with four different end 
products: Dense Film, Dense Ceramic, Aerogel and Ceramic Fibers87. 

3.1.3 Nanoporous Glass 

The ternary glass system Na2O – B2O3 – SiO2 has two miscibility gaps, as visible 

in the ternary phase diagram (Figure 7), located around an anomaly line A, at 

which the B2O3 : Na2O ratio is 5.25. Inside these miscibility gaps, there is no 

stable equilibrium between the three components, causing a separation into at 

least two distinct phases. These two different phases (SiO2 and B2O3/Na2O) 

show different chemical stability and enables acidic dissolution of the 

B2O3/Na2O phase in order to obtain a stable SiO2 network. This separation can 

be initialized and controlled by treatment at elevated temperatures between 

about 500 °C and 750 °C for several hours: The goal here is to achieve an 

interconnected, percolated structure of the B2O3/Na2O phase over the whole 

sample geometry. The heat treatment highly increases mobility inside the glass, 

enabling the transition from a droplet structure to the characteristic 

interconnected structure. This is caused by spinodal decomposition processes, 
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yielding increasing pore sizes for increasing demixing temperatures. As the 

B2O3/Na2O phase can be leached out in acids or water afterwards, the process 

yields a SiO2 framework with interconnected porosity16,88–90.  

 

Figure 7: Ternary phase diagram of the glass composition Na2O – B2O3 – SiO2             
(edited from 91). 

In a typical production process for the membrane samples used for experiment 

in this work, the different components are weighted, dry mixed and melted at 

~1500 °C. After slowly cooling down to room temperature, they are cut into 

small squares and grinded down to 250 µm thickness. These samples were then 

treated at elevated temperature for 8 h to induce demixing by separation of the 

phases. In order to achieve the final porous network, the samples were then 

leached in distilled water at temperatures around 90 °C. 
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3.2 Material Characterization 

3.2.1 UV-VIS Transmission Spectroscopy 

UV-VIS spectroscopy is an analytical procedure that gives insights into the 

molecular composition of fluid samples and the intrinsic structure of fine 

powders, thin films or thin, porous materials. This spectroscopy method is 

generally based on different effects caused by the interaction of 

electromagnetic radiation with matter, like reflection, transmission, scattering 

or adsorption. A typical double-beam setup is given in Figure 8: UV-VIS 

spectroscopy utilizes a light source with wavelengths between 180 nm and 

1100 nm and a monochromator allowing for measurements at defined 

wavelengths within this spectrum. For a user-specified spectrum and stepsize, 

the transmission of light is measured for the sample solution and a reference 

solution containing pure solvent. The photodetectors then measure the 

transmission through the material and correlate the sample to the reference 

signal. The results can then be compared with reference curves of solutions 

with different concentrations of the target molecule.  

The classical use case of UV-VIS spectroscopy in chemistry is the detection of 

the presence of a certain molecule in a solution. Most organic molecules have 

an even number of electrons with a big energy gap between the molecular 

orbitals. Radiation in the UV-VIS spectrum can excite electrons from the HOMO 

(highest occupied molecular orbital) to the LUMO (lowest unoccupied 

molecular orbital). The characteristic absorption wavelengths of specific 

molecules are then observed as reduction in the transmission at this part of the 

spectrum. 
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Figure 8: Schematic representation of a double beam setup for UV/VIS spectroscopy92. 

For the nanoporous glass samples measured in this work, the main 

phenomenon for reduced transmission is scattering. As describe in the 

previous chapter, the samples are comprised of a nanoporous SiO2 matrix. 

Thus, there are two different materials with different refractive index: the SiO2 

matrix and the pores. The opaqueness observed for samples produced at 

various demixing temperatures (Figure 26) can be explained by that: With 

increasing demixing temperatures, the nanopore sizes are increasing, 

scattering a more and more broad spectrum of the visible light on the passage 

through the sample. The pores are the scatterer inside the material and 

transmitted light is undergoing repeated scattering processes, most 

presumably Mie-Scattering which is applicable for particles (pores) larger than 

one tenth of the wavelength.  

3.2.2 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is an analytical method to investigate the 

surface and near-surface region of materials down to the nanoscale. After 

proper sample preparation, even biological samples can be investigated if they 

are stable in the evacuated observation chamber. Usually, sample preparation 

also includes sputtering a thin gold or platinum layer to the surface in order to 

ensure conductivity and prevent electric charging of the sample.  
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During measurements, the sample surface is scanned with a focused electron 

beam, whose electrons interact with the material’s surface atoms. When the 

electron comes in contact with the surface atoms, several elastic and inelastic 

scattering processes occur that can be observed with different detectors. For 

every pixel, the microscope software translates the intensities of the detector 

signals into different greyscales of image information, giving a representation 

of the measured surface topography.  

Elastic and inelastic scattering of the high-energy electrons produces different 

signals which can be collected by different detectors, namely SE (secondary 

electron) and BSE (backscattered electron) scanners. The obtained pixel 

information from the detector is than translated into an image, giving the 

specimen’s surface topography.   

3.3 Cell Migration Analysis 

3.3.1 Fluorescencent Cell Labelling  

All studies in parts III, IV and V of this work are using fluorescent cell labelling 

for visualization and tracking of cells. Fluorescence is a specific form of 

photoluminescence: It describes the spontaneous emission of light after 

excitation by light of a higher energy than the emission wavelength (Figure 9). 

After absorption of a photon of a certain wavelength, an electron of a 

fluorophore is raised to an excited state (S2). Fluorophores are typically 

organic molecules with several aromatic groups or other molecules with 

multiple π bonds93. In a series of multiple, non-radiative internal conversion 

and vibrational relaxation steps, the electron relaxes back to the lowest 

excitation state (S1). After that, it relaxes back to the ground state (S0), 

accompanied by emission of a photon of a certain wavelength that is lower than 

the excitation wavelength.  
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Modern techniques for the genetic modification of cells and the targeted 

expression of specific proteins open up wide possibilities for the observation 

of cellular and intracellular processes94. Vectors for expression of fluorescent 

proteins, e.g. the Green Fluorescent Protein (GFP)95, can be incorporated into 

the genome of eukaryotic cells. As this growing availability of genetic 

manipulation techniques is accompanied by more and more sophisticated high-

resolution microscopy and an ever growing knowledge of the specific genomes 

of certain organisms and cells and the function of the proteins inside of cells, 

there is practically no limit to innovations in the observation of specific 

processes96. 

 

Figure 9: Simplified version of a Jablonski Diagram for Fluorescence97. 
 

3.3.2 Time-Lapse Fluorescence Microscopy 

For cell migration experiments within this work, time-lapse fluorescence 

microscopy of living cells is an essential measurement technique. A typical 

buildup of a fluorescence microscope is given in Figure 10: Illumination is 

provided by a high energy light source and filtered to specific wavelengths by 

fluorescence excitation filters. A dichroic mirror then focuses the light onto the 

observation area, thus limiting the exposure and potential radiation damage to 



II - Scientific Background 

 
 

 
32 

 

other parts of the sample. The induced fluorescence inside the cells passes 

through an emission filter and is led to the eyepieces and a CCD camera 

equipped with a photomultiplier. This specific technique allows for the 

reduction of excitation intensity and consequential preservation of cell vitality 

for long-term experiments. For a typical migration experiment, an image of 

multiple observation areas of the sample is taken every 7 seconds for a 

duration of 45 minutes. 

 

Figure 10: Basic principle of inverted fluorescence microscopy98. 

3.3.3 Mean-Squared Displacement Analysis 

Mean squared displacement (MSD) analysis has its origins in statistical physics 

where it is used to calculate the spatial range of random motion processes. 

Generally speaking, the mean squared displacement is the area that is explored 

by a randomly moving object. The advantage of MSD analysis is that it can 
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utilize an adaptable diffusion coefficient for more realistic outputs and 

simulations of different environment scenarios99. For the studies carried out in 

this work, a refined local MSD analysis is applied for the analysis of cell 

migration trajectories obtained from fluorescence microscopy. As this is a 

central part of this work, the method is laid out in detail in the materials & 

methods chapters of part III and IV of this work.  
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III. CELL MIGRATION INSIDE 

CONTROLLED MICROTOPOGRAPHIES 

 

This chapter was published as  

“Amoeboid migration mode adaption in quasi-3D spatial density 

gradients of varying lattice geometry” 

by Max Gorelashvili, Martin Emmert, Kai Friedrich Hodeck and Doris Heinrich 

in New Journal of Physics, Volume 16, July 2014. 
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1. Abstract 

Cell migration processes are controlled by sensitive interaction with external 

cues such as topographic structures of the cell's environment. Here, we present 

systematically controlled assays to investigate the specific effects of spatial 

density and local geometry of topographic structure on amoeboid migration of 

Dictyostelium discoideum cells. This is realized by well-controlled fabrication 

of quasi-3D pillar fields exhibiting a systematic variation of inter-pillar distance 

and pillar lattice geometry. By time-resolved local mean-squared displacement 

analysis of amoeboid migration, we can extract motility parameters in order to 

elucidate the details of amoeboid migration mechanisms and consolidate them 

in a two-state contact-controlled motility model, distinguishing directed and 

random phases. Specifically, we find that directed pillar-to-pillar runs are 

found preferably in high pillar density regions, and cells in directed motion 

states sense pillars as attractive topographic stimuli. In contrast, cell motion in 

random probing states is inhibited by high pillar density, where pillars act as 

obstacles for cell motion. In a gradient spatial density, these mechanisms lead 

to topographic guidance of cells, with a general trend towards a regime of inter-

pillar spacing close to the cell diameter. In locally anisotropic pillar 

environments, cell migration is often found to be damped due to competing 

attraction by different pillars in close proximity and due to lack of other 

potential stimuli in the vicinity of the cell. Further, we demonstrate topographic 

cell guidance reflecting the lattice geometry of the quasi-3D environment by 

distinct preferences in migration direction. Our findings allow to specifically 

control amoeboid cell migration by purely topographic effects and thus, to 

induce active cell guidance. These tools hold prospects for medical applications 

like improved wound treatment, or invasion assays for immune cells. 
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2. Introduction 

Amoeboid motion is a particularly efficient form of cell migration, 

characteristic for several cell types, e.g. stem cells, specific immune cells or 

metastatic tumor cells. In the human body, these cell types exhibit rapid 

migration through diverse types of tissue, enabling them to travel long 

distances to their point of destination100.  

The high efficiency of amoeboid migration is the result of interplay of fast 

cytoskeletal dynamics and relatively weak, short-lived contacts to the 

substrate.18,38,61,101–104 These mechanisms allow for a rapid response to 

chemical and mechanical cues in the cells' environment.105 For example, 

amoeboid migration is observed for neutrophils and leukocytes, migrating 

towards the source of an inflammation in response to molecular signaling 

cascades.68 Interestingly, similar signaling cascades and corresponding 

response mechanisms can be observed in Dictyostelium discoideum (Dd) 

amoebae.106 Thus, Dd is both a biologically relevant and experimentally robust 

model organism to study amoeboid cell migration as a response to 

environmental cues.107 

Influence on cell migration can be generated by several types of external cues 

like chemical signals20,108–112 and mechanical stimuli.113–115 Topographic 

variations in the vicinity of migrating cells are a special type of mechanical 

stimulus, but their importance becomes clear by looking at human tissue: cells 

are always facing local variations in their natural environment, as the local 

topography inside tissue of the human body is far from being isotropic. In fact, 

tissue is the antipode of the flat and smooth glass substrates commonly used in 

2D in vitro migration assays. Recent progress in technologies for controlled 

fabrication of micro- and nano-structures facilitated the investigation of cell 

behavior in response to topographic variations like grooves or pillars. 

However, extensive studies on cell orientation116,116 and migration64,117 led to 

sometimes contradictory findings, even for the same substrate structures and 
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cell types.118,119 In this context, it is crucial to establish model experimental 

situations to control and measure the effects of topographic stimuli on 

migrating cells precisely and reproducibly. By that, more detailed numerical 

analyses enable reliable interpretations and predictions with respect to 

realistic 3D conditions inside the human body. 

Following this approach, we designed systematically controlled assays to 

assess the influence of topographic cues on cell migration behavior. In 

particular, we used PDMS micro-pillar fields consisting of lattices of trigonal 

(isotropic) and hexagonal/honeycomb (anisotropic) geometry with defined 

density gradients, providing spatially controlled quasi-3D environments for 

cell migration. In doing so, we take advantage of the fact that PDMS is a 

comprehensively characterized standard material, which provides a well-

controllable model environment for systematic cell migration studies.13,60 To 

exclude surface-induced or chemically related side-effects, the pillar samples 

were produced from bulk material, exhibiting uniform surface structure and 

chemical composition. This way, we make sure that the pillars and the bottom 

in between them are of the same material. For all experiments the pillars are 

non-flexible posts of the same diameter 𝑑 = 4 𝜇𝑚. This way, changes in the 

migration behavior of cells in contact with the pillar structures can be related 

solely to the topographic properties of the environment. By performing local 

mean squared displacement (l-MSD) analysis of cell trajectories within the 

pillar fields we extract cell motility parameters from phases of directed runs 

(dir-runs) and random motion modes (rm-modes) of amoeboid migration. This 

allows us to analyze changes in cell migration behavior with respect to local 

variations in pillar density and pillar lattice structure. First, we study the effect 

of the spatial pillar density on Dd single cells migrating in quasi-3D micro-pillar 

fields of varying pillar densities. As a second part of this work, we investigate 

the influence of the local geometry on cell migration by comparison of Dd 

migration in trigonal (isotropic) and hexagonal (anisotropic) pillar fields. 
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Finally, we examine topography-induced cell guidance effects in dependence 

on pillar density gradients and lattice geometry. 

With this study, we aim at revealing the mechanisms governing amoeboid cell 

migration by structural cues in a quasi-3D environment. A detailed 

understanding of these mechanisms will allow for topographic control of 

amoeboid cell migration, holding prospects for future applications, e.g. for the 

design of invasion assays for immune cells and smart materials for wound 

treatment. 

3. Materials and methods 

Amoeboid migration of single D. discoideum (Dd) cells in the vegetative state 

was studied. The experiments were performed at low cell density in the 

absence of cell nutrients, in order to avoid external chemical stimuli biasing cell 

migration. We observed Dd cells in quasi-3D environments, provided by 

hexagonal arrays of micro-pillars, fabricated from transparent 

polydimethylsiloxane (PDMS). For systematic study of cell migration in 

response to topographic cues, we varied the inter-pillar distance and the 

geometry of the pillar arrays in a controlled manner. PDMS as a material is stiff 

(elastic modulus 𝐸 = 1.72 𝑀𝑃𝑎)12 with respect to the relatively weak adhesion 

forces exhibited by Dd cells.120,121 This allows for the investigation of structural 

determinants of amoeboid cell migration independent of the details of the 

particular cell–substrate interaction. Fluorescently labeled Dd cells and 

transparent PDMS pillar arrays were imaged by fluorescence and bright-field 

microscopy. Cell migration analysis was performed by using an established cell 

tracking routine122 and l-MSD analysis software.123 
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3.1 Cell culture and microscopy imaging 

3.1.1 Cell culture 

The axenic Dd strain (HG1694) expressing freeGFP (obtained from Dr Günther 

Gerisch, MPI for Biochemistry, Martinsried, Germany) was grown in 

HL5 medium (ForMedium™, Hunstanton, UK) adjusted at 𝑝𝐻 = 6.7 and 

complemented by the antibiotic Gentamycin at a concentration of 

20 
𝜇𝑔 

𝑚𝐿
 (G-418, Biochrom AG, Berlin, Germany). The cell confluence was kept 

below 40 %. 

For microscopy experiments, HL5 medium was substituted by phosphate 

buffered saline (PBS), adjusted at 𝑝𝐻 = 6.0. The cell–PBS suspension was filled 

into the observation chamber (composed of a cover glass and a Teflon® frame) 

and rested for 20 min to let the cells settle down, until a concentration of 

10-20 cells per 400 × 400 𝜇𝑚2 (camera field of view) was achieved. 

3.1.2 Microscopy 

The measurements were carried out with a 20× objective (Nikon, Germany) on 

a Nikon Eclipse Ti microscope (Nikon, Germany) equipped with an EM-CCD 

camera (Hamamatsu, Herrsching, Germany) at 19–21 °C. Fluorescence and 

bright field images of fluorescently labeled cells and transparent pillar arrays 

were acquired every 10 s for at least one hour to exclude short-time effects. To 

minimize the excitation stress for the cells, exposure times were kept below 

100 ms. 

3.2 Preparation of micron-sized PDMS pillar structures 

Substrates on which cells were seeded were made out of the transparent 

polymer polydimethylsiloxane (PDMS), after its casting, cross-linking and 

unpeeling from a silicon wafer-based master obtained by standard 
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photolithography procedures. The PDMS structures resulting from this process 

were two different types of arrays of 10 –12 μm high pillars with a constant 

diameter of 4 µm. 

Experimental characterization by scanning electron microscopy shows that the 

pillars are in fact highly uniform, with variations in dimension on nanometer 

scale, due to the precisely controlled fabrication process of the samples 

(Figure 15). The PDMS micro-pillar array fabrication was done by the standard 

procedure previously described by Steinberg et al.13 The well-defined 

character, i.e. constant diameter, of the PDMS micro-pillars used for our cell 

migration experiments has already been demonstrated by Arcizet et al.60 

Accordingly, variations in stiffness of the pillars influencing the cell interaction 

can be excluded for the experiments. 

Pillars were arranged in (i) arrays of trigonal geometry with gradients in lattice 

constant, ranging from 8.2 μm to 22.5 μm, or in (ii) lattices of hexagons with 

gradients in hexagon side length ranging from 10.5 μm to 38.4 μm. Please note 

that all substrates, including the micro-pillars and the areas in between, exhibit 

the same chemical composition. This way any external chemical bias of cell 

migration can be excluded. 

3.2.1 Master fabrication 

Master fabrication was performed by standard clean room microlithography 

procedures, according to protocols described by Steinberg et al.13 Therefore, a 

3 inch silicon wafer (Si-Mat, Landsberg/Lech, Germany) was cleaned under 

nitrogen flow protection and covered with 5 ml of SU8-10 negative photoresist 

(Microchem, distributed by Micro Resist Technology, Berlin, Germany) by spin-

coating at 3000 rpm for 30 s. After that, the substrate was progressively soft-

baked (1 min at 65 °C and 2 min at 85–90 °C, cooling down slowly to room 

temperature) and illuminated with UV-light in a mask aligner (Süss MicroTec, 

Garching, Germany) through a chromium mask (ML&C, Jena, Germany), with 
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varying illumination times of 3–5 s, according to the intended structure sizes. 

The illumination was followed by a progressive hard bake of 1 min at 65 °C, and 

2 min at 85–90 °C, with cooling down slowly to room temperature. After that, 

the unilluminated photoresist was removed by two bathing steps in SU8-

specific developer (MicroResist Technology, Berlin, Germany). 

3.2.2 Preparation of the PDMS structures 

The resist master was silanized by vapor deposition of fluorosilane 

(1H,1H,2H,2H-perfluorooctyltrichlorosilane, ABCR, Germany) under vacuum 

for one hour. The PDMS base and the cross-linking agent were mixed at a 

1:10 ratio (Sylgard 184 Silicone Elastomer Kit, Dow Corning, MI, USA) and 

degassed for 30 min under vacuum. Subsequently 2–3 ml of PDMS was poured 

on the Si-photoresist master, and degassed again for 15–30 min under vacuum. 

PDMS cross-linking was obtained after 3–5 h at 65 °C. After cutting and peeling 

the PDMS structures off the master, the samples were immediately transferred 

to the observation chambers (consisting of a cover glass and a Teflon® frame), 

immersed in PBS solution and stored until use for cell migration experiments. 

3.3 Cell migration analysis 

Cell migration analysis was performed in two steps. First, center of mass 

positions (X and Y coordinates) of each cell, investigated at each time point of 

the experiment, were obtained from fluorescence images using a cell tracking 

plug-in122 for ImageJ image analysis software (W. S. Rasband, US National 

Institutes of Health, Bethesda, USA, http://imagej.nih.gov/ij/). This plug-in 

detects cells as clusters of more than n bright pixels of a certain set intensity I 

in closer proximity than a distance d. All of these parameters were adjusted 

optimally for precise cell recognition. 

In a second step, the obtained cell position data were processed using a 

homemade Matlab algorithm. This algorithm was adapted from the previously 

http://imagej.nih.gov/ij/
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developed TRAnSpORT routine60,123 and is able to distinguish two modes of cell 

migration—directed runs and random motion phases—in a time-resolved 

manner. For this purpose, TRAnSpORT routine uses global as well as l-MSD 

analysis of cell trajectories. 

Instantaneous migration velocity and direction are obtained from the changing 

positions of the center of mass of the cell. A global trend towards a migration 

state of a more 'diffusive' or a more 'directed' character is determined by global 

MSD (MSD) analysis over the entire trajectory of each cell. 

The l-MSD analysis is based on a two-state model of cell migration, extracting 

alternate phases of directed runs and diffusive-like random walks.60,61 The 

directed parts of the trajectory correspond to phases when the amoeba crawls 

at a quasi-constant speed in a quasi-constant direction. The directed runs are 

separated by non-directed phases, during which the cell probes its 

environment, repolarizes and starts a new directed run in another direction. As 

a key feature, the l-MSD analysis algorithm is capable of distinguishing the two 

motility modes in the migration trajectories. After trajectory splitting, the 

phase durations can be retrieved, together with specific migration parameters, 

such as velocity for the directed runs, and a diffusion coefficient analogue for 

the random motion states. The power of this method lies within the fact that 

the parameters are evaluated only during the corresponding phases of the 

motion. This prevents, for example, phases of directed motion from biasing the 

overall statistical analysis by increasing the global diffusion coefficient 

analogue. Moreover, the local analysis reveals otherwise hidden features of the 

migration behavior, which are related to local or short-term stimuli. 

l-MSD ∆𝑅𝑖
2(𝜏𝑘) and angle persistence ∆𝜑𝑖(𝑡𝑖, 𝜏𝑘) are calculated over a rolling 

window of 𝑀 = 30 frames for each experiment time point 𝑡𝑖 of the trajectory as 

a function of different lag times 𝜏𝑘 = 𝑘 ∙ 𝛿𝑡 as follows: 
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∆𝑅2(𝑡𝑖, 𝜏𝑘) = ∆𝑅𝑖
2(𝜏𝑘) =

1

𝑀−𝑘+1
∑  (𝑅(
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2
−𝑘

𝑗=−
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2
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2

      (2) 

Here, 𝑅(𝑡𝑖) = (𝑋(𝑡𝑖), 𝑌(𝑡𝑖)) is the coordinate of the center of mass of the cell and 

𝛿𝑡 = 10 s is the inverse frame rate of the experiment. In previous work, the l-

MSD analysis algorithm was tested with the precisely controlled motion of latex 

beads in microfluidic stop-flow experiments.123 Based on this calibration, the 

window size is adapted for application to biophysical questions. In this context, 

we showed that the temporal resolution obtained by the l-MSD analysis is of 

the order 
𝑀∙𝛿𝑡

4
s .123 Specifically for cell migration in PDMS pillar fields we 

determined M = 30 frames per time point as suitable window size,60 which is 

chosen accordingly for the comparable experimental setting in this work. The 

l-MSD function is fitted by using a well-established relation from statistical 

physics: 

∆𝑅2(𝑡𝑖, 𝜏𝑘) = 𝐴 ∙ 𝜏𝑘
𝛼 

Here, the exponent α characterizes the migration state of the cell and the 

prefactor A bears either the information about the diffusion coefficient 

analogue of random diffusive-like migration modes or the velocity of directed 

runs. For 𝛼 ≈ 2  and a persistent angle of motion, the cell migration state is 

defined as 'directed', otherwise as 'random' migration mode. The l-MSD 

algorithm defines the probability for directed motion for a certain time point 

as 

𝑃𝑑𝑖𝑟 = {
1        for  [1.7 ≤  𝛼 ≤ 2 ]  ∧ [ 0 ≤ ∆𝜑 ≤ 0.9 rad ]
 0        otherwise                                                               
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Further, phase durations τ rm and τ dir for random states and dir-runs are 

computed, as well as the overall probability P rm and P dir for each migration 

mode. 

4. Results and discussion 

In this work, we study the influence of structural properties of the local 

environment on amoeboid migration of Dd cells in the vegetative state, in the 

absence of any chemical attractors. Specifically, we investigate the influence of 

spatial density and geometry of the environment, independently of the details 

of the particular substrate adhesion mechanism of the cells. Therefore, we 

analyze amoeboid cell migration within well-defined micro-pillar arrays of 

gradient inter-pillar distance and different lattice geometry. Standard pillars of 

4 μm diameter and 10–12 μm height are made of polydimethylsiloxane (PDMS) 

by standard photolithography and polymer molding procedures. To avoid 

chemically related side effects, the entire substrate was fabricated from bulk 

material exhibiting homogeneous chemical composition and surface 

properties. Please note that within the pillar arrays, the cells migrate in a 

quasi-3D environment, i.e. on the bottom substrate in between the pillars, not 

on top of pillars. Migration of fluorescently labeled Dd cells in transparent 

PDMS pillar arrays is imaged by fluorescent and bright field microscopy. 

We analyze first the migration of cells in fields of trigonal lattice structure and 

different pillar density. For our investigations, we measured cells in pillar 

arrays of gradient inter-pillar distance ranging from values close to half the 

average cell size (diameter) up to twice the cell size. Accordingly, we 

differentiate between three regions of spatial density of the pillar fields: (i) low 

density regions, where cells contact only one to two pillars simultaneously, 

(ii) intermediate density regions, where cells sense three to five pillars in their 

immediate vicinity and (iii) high density regions, where the cells are squeezed 

in between more than five neighboring pillars. Secondly, we study the effect of 
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geometry by comparison between cell migration in isotropic trigonal 

(T-arrays) (Figure 12 A–C) and in anisotropic hexagonal lattices (H-arrays) of 

gradient inter-pillar distance. Hexagonal arrays are congruent with trigonal 

lattices, where the pillar in the center of each hexagon is missing 

(Figure 13 A-C). Thus, H-arrays lack the local topographic isotropy exhibited 

by T-arrays. Further, hexagonal lattices provide more space for cell migration 

on the 'floor' (base substrate) in between pillars compared to trigonal pillar 

arrays. Thirdly, we analyze guidance of cells by topographic cues, specifically 

with respect to the direction of the pillar density gradient and the respective 

lattice vectors of the pillar arrays. 

For data evaluation, center of mass trajectories of cells within pillar arrays 

were extracted from the obtained image stacks. A typical cell trajectory in a 

trigonal pillar array for a time period of 68 min is shown in Figure 11 A. The 

obtained data were analyzed with respect to cell migration.60,61 MSD lag-time 

dependent analysis of the whole cell trajectory bears information on global 

migration properties of different time-scales, as illustrated by Figure 11 B. 

Here, a distinct decrease in the exponent  for increasing lag-times is shown. 

To resolve the migration state of the cell at each experiment time point, we 

perform l-MSD analysis within a predefined time window (of length 𝑀 = 30 

frames), sliding along the entire cell trajectory. By that, each cell trajectory is 

divided into phases of directed runs (dir-runs) and random motion (rm-mode), 

as shown in Figure 11 C. This analysis is based on the lag-time dependent l-MSD 

function as shown in Figure 11 D, which bears the full information of all states 

for each time point. During directed runs (dir-runs), a cell migrates at nearly 

constant velocity and exhibits a high directional persistence. In random 

migration phases, cells probe their environment in a diffusive-like manner 

without any preferred migration direction. The migration state is identified as 

dir-run by criterion of the l-MSD exponent 𝛼 ≈ 2 and angular persistence    

∆𝜑 ≈ 0, or is assigned the rm-mode in all other cases. The numerical analysis 

of the cell motility states yields distributions for the l-MSD exponent , for 
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instantaneous velocities 𝑣𝑟𝑚 and 𝑣𝑑𝑖𝑟 and for phase durations 𝜏𝑟𝑚and  𝜏𝑑𝑖𝑟 , as 

well as the overall probabilities 𝑃𝑟𝑚 and 𝑃𝑑𝑖𝑟 to be in the rm-state or to perform 

a dir-run, which are discussed at first by evaluation of their mean values. 

Further, the numerical distributions of the cell migration parameters were 

statistically characterized by their median values and the measures for 

deviation and relative asymmetry, as listed in Table 2. We find that in all pillar 

arrays, cell migration can be well characterized by the two-state motility model 

and cells exhibit dir-runs as well as rm-modes. 

 

Figure 11: Two-state amoeboid motility model. (A) Typical trajectory (white curve) of 
a D. discoideum amoeba cell (green) migrating in a quasi-3D trigonal pillar lattice (white 
pillar tops). White circles highlight positions of the pillars, which are of uniform shape 
and constant diameter of 4 μm. The cell is shown for time points t 1 = 0 min and t 2 = 68.2 
min, with corresponding positions of its center of mass in blue (t 1) and orange (t 2). (B) 
Global mean squared (MSD) analysis of the cell trajectory in (A), revealing different 
motility state trends, by change of slope as a function of the lag-time τ. (C) Cell trajectory 
of (A) split into directed runs (dir-run) of almost constant velocity and high directional 
persistence (red), and random migration phases (rm-mode) (blue), using local MSD 
analysis. (D) Landscape-plot of the local MSD function, bearing information of lag-time 
dependent motility states for each time point of the experiment. The local MSD 
exponents, which quantitatively describe the motility state, are color-coded, whereby dir-
runs are shown in red and rm-modes in yellow to blue, depending on the value of the 
exponent. 
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4.1 Cell migration in isotropic trigonal pillar arrays of varying 

lattice constant 

To study the influence of pillar density on cell motion, we analyze cell migration 

(N = 126 cells, n = 44 200 data points) within micro-pillar arrays of regular 

trigonal lattice structure exhibiting a density gradient. With respect to the 

mean cell size, we define three regimes of the pillar lattice constant 

a as a > 16 μm (region T1), 16 μm > a > 13 μm (region T2) and 13 μm > a 

(region T3), representing low, intermediate and high pillar density, 

respectively. In comparison, the typical cell size (diameter) of Dd amoeba is 

~ 8–12 μm. Figure 12 A–C show representative images of cells in pillar fields of 

trigonal lattice geometry at low (T1), intermediate (T2) and high density (T3). 

Please note that Figure 12 A–C shows genuine microscopy images which have 

been optimized for acquisition of the fluorescent cells' positions in the quasi-

3D environments of not fluorescently labeled pillar fields. This explains the 

slightly different image appearance of the pillars, which are in fact highly 

uniform, with a diameter of 4 μm and extremely small variation in dimension 

(Figure 15). For Dd cells the pillars act as uniform, non-flexible posts they 

encounter in their migration paths. 

In the low density regime (T1), cells can attach to one or two pillars at the same 

time (Figure 12 A), but are able to sense more neighboring pillars by filopodia. 

In the intermediate regime (T2), cells can establish contacts with three to five 

pillars simultaneously (Figure 12 B). For a high pillar density, cells are 

squeezed in between more than five pillars (Figure 12 C). 

 



III - Cell Migration Inside Controlled Microtopographies 

 
 

 
50 

 

 

Figure 12: Cell migration in trigonal lattices of varying pillar density regimes. Cell motility 
state characteristics for cells migrating in isotropic trigonal pillar lattices of low (T1), 
intermediate (T2) and high density (T3). (A), (B), (C) Typical trajectories of D. discoideum 
cells (green), with phases of directed runs (red) and random migration modes (blue). 
Cells are shown for time points t1 = 0 min and t2 = 50 min (A), t2 = 53 min (B) and t2 = 90 
min (C), respectively. The corresponding cell center of mass positions are highlighted in 
blue (t 1) and orange (t2). White circles highlight positions of the pillars, which are of 
uniform shape and constant diameter of 4 μm. (D), (E), (F) Distributions of alpha 
exponents of dir-runs (red), rm-modes (blue) and all values (black) describing the 
characteristics of cell motion in the different pillar density regimes. (G), (H), (I) 
Corresponding distributions of instantaneous velocities during dir-runs (red) and rm-
modes (blue). The overall distributions of instantaneous velocities are shown in black. 
Insets show velocity distributions of dir-runs, fitted by log-normal distribution function. 
(J), (K), (L) Angular persistence of cell migration during directed runs (red) and random 
migration modes (blue). The overall distribution is shown in black. 

4.1.1 High pillar density facilitates dir-runs 

Local-MSD analysis of cell motility states (i.e. directed runs and random 

migration modes) in different density regimes of the trigonal pillar lattices 

reveals a distinct dependence of amoeboid cell migration on spatial density. 

The probability for dir-runs shows the highest value at high pillar density 
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(𝑃𝑇3
𝑑𝑖𝑟 =  25.1 %), followed by the low density regime (𝑃𝑇1

𝑑𝑖𝑟 =  20.4 %), while 

it is significantly lower at intermediate pillar density (𝑃𝑇2
𝑑𝑖𝑟 =  16,2 %), for 

reference: on flat PDMS substrate 𝑃2𝐷
𝑑𝑖𝑟 =  35 %) (Table 1). In addition, the 

values of angular persistence ∆𝜑 are slightly higher for high and low density 

regimes than for intermediate spatial density of T-arrays (Figure 12 J–L and 

Table 1). The mean value of the l-MSD exponent 〈𝛼𝑇
𝑑𝑖𝑟〉 of the dir-run states is 

nearly equal for all density regimes of trigonal pillar arrays and for 2D 

substrates (Figure 12 D–F, Table 1). These results reveal that dir-runs are more 

pronounced in high and low density regions of the trigonal arrays, as compared 

to intermediate density areas. 

Table 1: Parameters describing cell motility in pillar lattices of trigonal (T1, T2, T3) and 
hexagonal (H1, H2, H3) lattice geometry and different inter-pillar distances, 
corresponding to Figure 11Figure 12. For reference, cell migration data on flat PDMS 
substrate are shown (2D).60 

 

Analysis of the instantaneous velocities during directed migration phases 

reveals a positive correlation with the spatial pillar density, with respective 

mean values 𝑣𝑇1
𝑑𝑖𝑟 = 0.033 

µ𝑚

𝑠
,    𝑣𝑇2

𝑑𝑖𝑟 = 0.036 
µ𝑚

𝑠
  and 𝑣𝑇3

𝑑𝑖𝑟 = 0.043 
µ𝑚

𝑠
 

(Figure 12 G–I). Further, the persistence times of the dir-run modes show a 

peak in the high density regime (T3), with a mean value of                                              

𝜏𝑇3
𝑟𝑚 = 131.6 𝑠. The corresponding distribution of the dir-run phase durations 

is broadened and shifted to higher values, compared to the low density (T1) 

and the intermediate regime (T2). Phase duration distributions of the 
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complementary rm-modes reveal that these phases are shortened in the high 

density regime (T3) (Figure 16 A–C). In contrast, in the low density 

regime (T1), the persistence times of the random modes are longer. Compared 

to trigonal lattices, on flat PDMS substrate cells performing dir-runs exhibit 

higher migration velocities and larger values for temporal persistence 𝜏, while 

the temporal persistence of rm-modes is lowered (Table 1 and Table 2). 

Together, these results indicate that in the trigonal pillar lattice, the high 

density regime (T3) facilitates directed cell runs in terms of high velocities and 

persistence times, as well as increased probability. The enhancement of the dir-

run mode by the high density regime supports the concept of pillars acting as 

topographic 'attractors' to the cells, as introduced by Arcizet et al.60 During 

directed migration phases, cells show contact-controlled motility and perform 

pillar-to-pillar runs. While coming into contact with one pillar, a cell 

simultaneously senses its environment and can start a dir-run to the next pillar, 

found in its immediate vicinity. At lower pillar densities, cells exhibit a 

decreased probability of sensing neighboring pillars and thus, dir-runs are less 

frequent with a smaller mean phase duration, as compared to the high density 

regions (T3). In conclusion, cells in the dir-run migration state sense pillars as 

topographic stimuli and orient their motion towards them, performing contact-

controlled pillar-to-pillar runs. 

4.1.2 Random motion—pillars act as obstacles 

In contrast to dir-run states, we find that during random migration (rm) phases 

the pillars act as obstacles for cell motion. The quantitative analysis of the rm-

states reveals a negative correlation of the exponent 𝛼𝑇
𝑟𝑚 and of the motion 

velocity 𝑣𝑇
𝑟𝑚 with the spatial density of the pillar arrays. While the distributions 

and the mean values of 𝛼𝑇
𝑟𝑚 exponents are similar for low (T1) and 

intermediate (T2) density areas, the mean value is lower for dense regions (T3) 

(𝛼𝑇1
𝑟𝑚 ≈ 𝛼𝑇2

𝑟𝑚 ≈ 1.21, 𝛼𝑇3
𝑟𝑚 = 1.15, for reference 𝛼2𝐷

𝑟𝑚 = 1.30). The distribution of 

the exponents 𝛼𝑇
𝑟𝑚 broadens for the high density region (T3) (compared to 
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(T1) and (T2)), where extremely low values are reached for a large number of 

data points (Figure 12 D–F and Table 2). A similar trend can be observed for 

the mean values of migration velocities 𝑣𝑇1
𝑟𝑚 (Table 1). The distribution of the 

velocities 𝑣𝑇3
𝑟𝑚 shows a distinct shift to lower values compared to less dense 

pillar regions. Correspondingly, the mean value of angular persistence of cell 

migration in random mode significantly increases for the high density regime 

T3 compared to T1 and T2 arrays (Figure 12 J–L and Table 1). Also, the 

probability for rm-states for high density (T3) areas 𝑃𝑇3
𝑟𝑚 = 74.9 % is 

significantly lower than the respective probabilities 𝑃𝑇1
𝑟𝑚 = 74.6 % for low 

density (T1) areas and intermediate density (T2) areas (𝑃𝑇2
𝑟𝑚 = 83.8 %). In 

addition, the diffusion coefficient analogue decreases for high density areas 

(T3), compared to T1 (𝐷𝑇3 = 0.0084 
µ𝑚2

𝑠
 and 𝐷𝑇1 = 0.0090 

µ𝑚2

𝑠
 ). Compared to 

cell migration on flat substrates, in trigonal lattices the probability for rm-

modes as well as the mean velocity in this migration state is lowered and the 

angular persistence of cell motion is significantly reduced (Table 1). Taken 

together, these results reflect the 'diffusion-like' character of random probing 

migration phases, analogue to a passive drift of particles in crowded media: 

While at high pillar densities the probability for rm-states is reduced in general, 

the increase in the crowdedness of the environment dampens the particular 

random motion processes and thus lowers the 𝛼𝑇
𝑟𝑚 exponent values, as well as 

the diffusion coefficient analogue 𝐷𝑇  (Figure 17). Accordingly, during rm-

modes, pillars act as obstacles for cell motion. 

4.1.3 Cell trapping at intermediate density regime in isotropic pillar 

lattice structure 

Another important observation is the reduced probability of performing dir-

runs for cells migrating in the intermediate density (T2) areas of the trigonal 

pillar lattices, as compared to the regions of low (T1) and high (T3) pillar 

density. Here, the inter-pillar distance is in the regime of the typical diameter 

of Dd cells, so that cells are often attached to several pillars simultaneously. In 
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this constellation, a cell displaces its center of mass back and forth from one 

pillar to the other (Figure 12 B). In terms of l-MSD analysis, these cell events 

are classified as rm-modes, exhibiting low values of the diffusion coefficient 

analogue, as compared to the migration phases of cells on flat surfaces, which 

are not 'caged' by topographic cues. Due to this phenomenon, the mean value 

of diffusion coefficient analogue 𝐷𝑇  reaches its minimum, and the mean 

duration of rm-modes 𝜏𝑇
𝑟𝑚 reaches its maximal value in the intermediate 

density (T2) region. On the other hand, the probability 𝑃𝑇
𝑑𝑖𝑟 and the 

exponent 𝛼𝑇
𝑑𝑖𝑟 of the dir-runs show the lowest values in the intermediate 

regime (T2). Additionally, the mean persistence time of dir-runs is minimal in 

this region (𝜏𝑇2
𝑑𝑖𝑟 = 108.0 𝑠). The effect of cell trapping in intermediate density 

regimes originates from the cell 'attachment' to several pillars at the same time. 

In this constellation, a stable cell polarization to one particular direction is 

impeded, and the cell is temporarily trapped in between several pillars, as 

described in former work.60 From such a 'trapped' state the cell can only escape 

by an occasional, strongly asymmetric repolarization, or sensing of distant 

pillars with exceptionally long protrusions. 

4.2 Cell migration in micro-pillar hexagonal arrays of varying 

side length 

To investigate the influence of the local geometric structure of the quasi-3D 

environment on cell migration, we analyze cell trajectories in micro-pillar 

arrays of hexagonal lattice geometry (H-arrays) exhibiting a spatial density 

gradient. H-arrays are congruent with trigonal lattices, where the pillar at the 

center of each hexagon structure is missing, as shown by Figure 13 A–C. Please 

consider that the microscopy images are tuned to track the position of the 

fluorescently labeled cells, thus hiding the high uniformity of the actual pillar 

dimensions. 
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Figure 13: Cell migration in hexagonal lattices of varying pillar density regimes. Cell 
motility state characteristics for cells migrating in anisotropic hexagonal pillar lattices of 
low (H1), intermediate (H2) and high density (H3). (A), (B), (C) Typical trajectories of 
D. discoideum cells (green), with phases of directed run states and random probing 
highlighted in red and blue, respectively. Cells are shown for time points t1 = 0 min and       
t2 = 83 min, with corresponding center of mass positions in blue (t1) and orange (t2). 
White circles highlight positions of the pillars, which are of uniform shape and constant 
diameter of 4 μm. (D), (E), (F) Distributions of alpha exponents of dir-runs (red), rm-
modes (blue) and all values (black), describing the character of cell motion in different 
density regimes. (G), (H), (I) Corresponding distributions of instantaneous velocities 
during dir-runs (red) and rm-modes (blue). The overall distributions of instantaneous 
velocities are shown in black. Insets show velocity distributions of dir-runs, fitted by log-
normal distribution function. (J), (K), (L) Angular persistence of cell migration during 
directed runs (red) and random migration modes (blue). The overall distributions are 
shown in black.  

In trigonal lattices, cells sense a topographically isotropic environment, i.e. the 

spatial distribution of surrounding pillars is independent of the cell position. 

By comparison, in the H-arrays the perceived geometry of the surroundings is 

anisotropic and depends on the position of the cell within the hexagon 

(honeycomb). In order to extract comparable pillar densities for the analysis of 

cell migration in hexagonal S2 lattices as in the trigonal lattices, we redefine the 
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three spatial density regimes as a function of hexagon side length r 

to r > 16 μm (H1), 16 μm > r  > 10 μm (H2), and 10 μm > r (H3) representing 

low, intermediate and high pillar density in H-arrays, respectively. Again, the 

inter-pillar distance of intermediate (H2) density region is close to the mean 

diameter of a Dd cell, while in the low (H1) and in high (H3) density regions, it 

is comparable to half and to twice the size of these cells, respectively. 

4.2.1 General pillar-density dependent cell migration mechanisms 

In hexagonal pillar lattices with gradients in inter-pillar distance (H-arrays), 

l-MSD analysis of cell trajectories (N = 47 cells, n = 27 700 data points) yields 

analogue trends as for the cell migration behavior observed in trigonal pillar 

arrays (T-arrays). In detail, the probability for dir-runs P dir, the local-MSD 

exponents α dir and α rm, as well as the persistence of dir-modes τ dir and the 

mean instantaneous velocity during rm-modes v rm exhibit analogue 

dependence on the pillar density in both types of pillar arrays (Table 1). This 

result suggests that there are general mechanisms controlling cell migration by 

spatial density in the quasi-3D environment, independent of lattice geometry: 

contact-controlled pillar-to-pillar guidance during dir-runs and diffusive-like 

character of rm-modes appear in trigonal as well as in hexagonal arrays of 

gradient spatial density. In both lattices the migration states show similar 

dependence on the pillar density. For reference, Table 1 shows respective 

migration parameters for cell migration in 2D.60 Reduced probability of 

topography-induced cell migration confinement in high (H3) density regions 

leads to increased cell motility in this density regime. The corresponding mean 

value of DH  is 10–12% higher in high density (H3) regions compared to the low 

(H1) and intermediate density (H2) regions (𝐷𝐻1 = 0.0068 
µ𝑚2

𝑠
,               𝐷𝐻2 =

0.0066 
µ𝑚2

𝑠
 and 𝐷𝐻3 = 0.0075 

µ𝑚2

𝑠
). 
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4.2.2 Influence of topographic anisotropy on cell migration 

However, there is also a strong difference in cell migration within the two 

lattice types. Notably, the absolute values of cell migration parameters are 

strongly affected by different lattice structures. In particular, the probabilities 

of dir-runs in H-arrays are less than half compared to T-arrays, and to flat 

substrates (see Table 1). In addition, the distributions of the exponents 𝛼𝐻
𝑑𝑖𝑟 

and 𝛼𝐻
𝑟𝑚 exhibit a shift to smaller values compared to the corresponding values 

of 𝛼𝑇
𝑑𝑖𝑟and 𝛼𝐻𝑇

𝑑𝑖𝑟 (Figure 13 D–F and Table 1). Further, the dir-runs in H-arrays 

are less persistent in terms of state duration and migration direction (∆𝜑) than 

in trigonal pillar lattices. Specifically, the duration τ dir is reduced by 23–33 % 

as compared to T-arrays (and by 36–54 % as compared to flat substrates). The 

distinct suppression of dir-runs in H-arrays is related to the locally anisotropic 

structure of the cells' environment. Therefore, the trapping of cells in between 

several pillars as described above is more probable in hexagonal arrays than in 

trigonal lattices. Due to the absence of the pillars at the center of each hexagon, 

the probability for a cell to sense other pillars as topographic stimuli and 

escape from the trapped state is significantly lowered. Correspondingly, in H-

arrays a strong increase in the mean duration of random probing modes τ rm is 

found. Compared to the respective values found for T-arrays, the values 

of τ rm are increased by ~40 % for low (H1) and intermediate (H2) regions and 

even 94 % for the high (H3) density region (and by 78–132 % as compared to 

2D substrate) (Table 1). Further, the values of the diffusion coefficient 

analogue DH are decreased by 10–25 % with respect to DT . Thus, although in H-

arrays cells can migrate in regions containing fewer obstacles than in the 

trigonal lattices, cells exhibit reduced motility in terms of the diffusion 

coefficient analogue DH . 

Another interesting observation concerning the hexagonal lattices is the 

overall increase in instantaneous velocities of the dir-runs, as compared to 

T-arrays, in spite of the reduced probability and mean duration of dir-runs. This 



III - Cell Migration Inside Controlled Microtopographies 

 
 

 
58 

 

means that in H-arrays the rare pillar-to-pillar runs are performed at 

velocities 𝑣𝐻
𝑑𝑖𝑟 higher than 𝑣𝑇

𝑑𝑖𝑟 (but still lower than 𝑣2𝐷
𝑑𝑖𝑟). This effect can be 

explained by the absence of center pillars in the hexagons: As the cells sense 

less topographic stimuli sideways while migrating in dir-run mode, they 

continue their runs with less disturbance and change of direction. 

In summary, we find local anisotropy of lattice structure in H-arrays strongly 

influences cell migration, leading to a more complex variety of behavior, 

compared to our findings in isotropic trigonal arrays. 

In particular, the probability of topographic cell trapping is significantly 

increased. Further, due to topographic anisotropy in H-arrays, instantaneous 

velocities of dir-runs exhibit higher values than in T-lattices, indicating a bias 

in cell migration behavior. 

4.3 Effect of pillar density gradients in trigonal and hexagonal 

pillar arrays 

The above findings reveal that cell motility states are sensitive to the spatial 

density and local geometry of the cell environment. We identified different 

mechanisms how cell migration is influenced by the topographic properties of 

the pillar lattices. To investigate topographic guidance mechanisms in detail, 

we analyzed the direction of cell motion as a function of both lattice constant 

and local geometry of the pillar arrays. Therefore, we compared angular 

distributions of cell motion during dir-runs and rm-modes in both types of 

pillar lattices. 

4.3.1 Cell guidance by topographic cues 

To investigate topographic guidance of cells induced by the gradient in pillar 

density, we analyze all migration directions with respect to dir-runs and rm-

modes, along (parallel to) the pillar density gradient. As a most important 
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result, our data reveal cell guidance in T-arrays (isotropic lattices) towards 

regions of intermediate pillar density. This bias of cell migration is governed by 

dir-run states on the one side, coming from low pillar density regions, and by 

rm-cell motion on the other side, coming from high pillar density regions. In 

detail, we find that in trigonal pillar arrays, cells preferably migrate from low 

density areas (T1) towards more dense (T2) regions (Figure 14 A) in dir-run 

mode. Further, we find that during random probing in high density (T3) 

regions, the migration direction towards intermediate density area is favored 

(Figure 14 E). Together, these findings substantiate an overall cell drift to the 

intermediate density region, which is confirmed by long-term experiments on 

cell migration in the T-arrays (see last paragraph). We seeded Dd cells 

(N = 249 cells) in trigonal micro-pillar arrays with a gradient in lattice 

constant and performed spatial distribution statistics of cell positions with 

respect to the three density regions (T1, T2 and T3) at time points t0 = 0 h 

and t1 = 12 h. Before starting the measurement, we waited 20 min to let the 

cells settle firmly, in order to run the experiment from equilibrium conditions. 

This way, we minimized convection flows and a possible bias by floating of 

cells. In order to identify non-biased cell migration behavior, we accordingly 

kept the experimental setting from any mechanical disturbance during the 

measurement. At time point t0 = 0 h, we find a homogeneous cell distribution 

over all density regions of the T-arrays. Compared to the time point t0, at 

t1 = 12 h the number of cells found in the intermediate pillar density region 

(T2) increased by 12 %, while it decreased by 3 % in the low density region 

(T1) and by 33 % in the high density region (T3). To account for cell 

proliferation during the measurement duration, the acquired cell numbers at 

time point t1 = 12 h are weighted with the proliferation factor of 1.3. Similar 

long-time experiments in hexagonal pillar lattices with a gradient in pillar 

density confirm this trend of a net migration of cells towards regions of 

intermediate pillar density over 12 h. By these results we show that in both 

trigonal as well as hexagonal lattices with gradients in pillar density, cells tend 
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to invade an intermediate density regime. For longer times, we expect this 

general trend to progress. 

 

Figure 14: Cell migration in pillar lattices of trigonal and hexagonal lattice geometry. 
Angle distributions of directed (red) and random (blue) cell motion in trigonal versus 
hexagonal lattices of large (A) (B), intermediate (C) (D) and small (E) (F) inter-pillar 
distances. Direction of increasing pillar density is indicated by a black arrow. Blue and 
red arrows indicate directions of long-term (12 h) cell drift along the gradient in inter-
pillar distances in trigonal arrays (A), (E). (G) and (H) illustrate the effect of lattice 
geometry on contact-induced directed runs in trigonal versus hexagonal pillar fields, 
respectively. Pillars are shown in gray, cells are shown in green, possible directions of 
contact-induced runs in isotropic trigonal pillar lattices and anisotropic hexagonal 
lattices are illustrated by arrows. The resulting peaks in the angular distributions are 
highlighted by way of example for the intermediate density regimes (C) and (D). (G) 
shows possibilities for cells to either continue a dir-run (a), or to leave a migration-
confined rm-state (b) upon sensing a pillar. In the trigonal lattices (a) yields a 60° peak 
distribution, while (b) adds peaks every 30° (C). (H) illustrates possible way for a cell to 
perform a succession of dir-runs in a hexagonal lattice, leading to peaks in angular 
distributions every 30° (D). 



III - Cell Migration Inside Controlled Microtopographies 

 
 

 
61 

 

4.3.2 Effect of pillar lattice geometry on cell guidance 

In order to investigate mechanisms of the topography-induced cell guidance 

with respect to the lattice geometry, we analyze the distribution of velocity 

vector angles of all migrating cells in trigonal and in hexagonal pillar arrays, as 

shown in Figure 14 A–F. Please note that, by tilt of the trigonal lattice structure 

of 30° against the gradient in pillar density, we separate guidance effects along 

the gradient from guidance effects related to the lattice geometry, i.e. the 

directions of the lattice vectors. More precisely, the peaks in angular 

distribution of dir-runs reflect the geometry of the pillar arrays 

(Figure 14 A, C, E), indicating pillar-to-pillar runs in directed migration mode 

(red). 

These peaks originate from the fact that a cell has a significantly increased 

probability to perform a dir-run upon finding a migration target, i.e. another 

pillar. In the trigonal pillar lattices, the following mechanisms contribute to the 

appearance of the peaks. At first, a cell performing a contact-induced pillar-to-

pillar run follows a direction along a pillar lattice vector. This mechanism leads 

to peaks at 60° angles, respectively, as illustrated by cell (a) in sketch principle 

of Figure 14 G. Secondly, if a cell is trapped between several pillars in rm-state, 

as described above, sensing another pillar can trigger a switch to a dir-run state 

and to migration leaving the 'trap'. In this case, the cell starts the run 

somewhere between the pillars, as illustrated by cell (b) in Figure 14 G. In the 

trigonal array with equilateral triangles the probability for the new migration 

direction is tilted by 30° against the lattice vectors, thus resulting in peaks at 

30° angles, respectively. 

For a cell in the hexagonal pillar field, the lattice geometry provides a reduced 

number of choices for contact-induced runs between next neighbor pillars, 

compared to trigonal lattices (T-arrays: six options, H-arrays: three options). 

This results in a distinct 30°-angle distribution of dir-run peaks in H-arrays, as 

illustrated by Figure 14 F. Corresponding to the above explanation, the peaks 
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are most pronounced for angular distributions in intermediate density regions, 

respectively (Figure 14 C and D), showing that for cells performing pillar-to-

pillar runs the migration direction is most precise when the inter-pillar 

distance approximately corresponds to the cell diameter. Moreover, in H-

arrays, the reflection of lattice geometry by the angular distribution of dir-runs 

is more pronounced than in T-arrays (Figure 14 B, D, F). This highlights again 

the effect of the different lattice geometries: in comparison to the isotropic 

trigonal lattice, in the anisotropic hexagonal array the number of pillars 

perceived by a cell during dir-runs is lower and thus, the cell polarization and 

the run towards a target pillar is less disturbed (Figure 14 G and H). 

In contrast, distinct contact guidance of cells by the pillars is lacking during rm-

modes: The angular distributions of random migration phases (blue) in both 

trigonal and hexagonal arrays do not exhibit a correspondence to lattice 

geometry (Figure 14 A–F). These results are in good agreement with the 

findings by Arcizet et al.60 

5. Conclusions 

In this work we investigate the influence of the quasi-3D environmental 

topography on cell migration in order to reveal the underlying mechanisms of 

cell guidance by local topography. For that purpose, two parameters of the 

quasi-3D environment are systematically varied: the spatial density and the 

local geometrical structure. In our experiments, we study amoeboid migration 

of Dd cells within micro-pillar arrays under controlled variation of lattice 

constant and lattice geometry. In particular, we compare cell migration in 

trigonal, isotropic pillar lattices to hexagonal, anisotropic pillar arrays. Based 

on our observations, we identify general mechanisms governing amoeboid cell 

migration in quasi-3D environments. We consolidate our findings in a model 

for the controlled modulation of the two states of amoeboid migration, directed 

runs and random probing motion. 



III - Cell Migration Inside Controlled Microtopographies 

 
 

 
63 

 

5.1.1 Effect of spatial density on cell motility 

We discriminate cell motion characteristics in three regimes of spatial density 

with respect to the mean cell size and the cells' radius of sensing. Specifically, 

the lattice constants range from values close to half the average diameter of a 

cell to twice the cell size. Our results reveal that spatial density clearly 

influences amoeboid cell migration modes of directed runs and diffusive-like 

random probing. Strikingly, directed pillar-to-pillar runs of the cells are 

facilitated by a high pillar density. This effect is caused by the increased 

probability for a cell to contact multiple pillars at the same time while 

performing directed runs, effectively triggering cell polarization. Consolidating 

this result with the concept of contact-controlled modulation of cell motility, 

pillars are sensed as attractive topographic stimuli by the cells. In contrast, the 

random probing motion of cells migrating in arrays of high pillar density shows 

a diffusive-like character. Here, the mobility is significantly damped by an 

increasing pillar density, and pillars rather act as obstacles for cell motion. 

Notably, we find that in a regime where the inter-pillar spacing is in the range 

of the average cell diameter, cell migration is often confined to small areas in 

between three and five pillars. As revealed by our analysis, this effect is density-

related and results from the geometry of the cell–pillar constellation. Here, the 

competing attraction by simultaneous pillar contacts inhibits cell polarization 

that could lead to an escape to the side. Thus, cells are dynamically trapped, 

moving back and forth between the pillars, without covering large migration 

distances. 

5.1.2 Effect of local geometry on amoeboid migration 

To get a detailed view on the specific effect of the local environment geometry 

on cell migration, we compare cell migration behavior in pillar fields of similar 

spatial density, but with different lattice structures. Interestingly, we observe 

distinct changes in the migration behavior upon variation of the pillar lattice 

geometry: While the density-related effects on cell motility states are analogue 
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in both environments, the absolute values of the migration parameters are 

strongly affected by the local geometry of the pillar arrays. Significantly, in 

hexagonal, anisotropic pillar arrays we find a drastic reduction of the overall 

cell motility. In particular, the probability of a cell to perform a directed run is 

significantly decreased for the hexagonal pillar arrays. This effect is the result 

of an increased occurrence of cell trapping in hexagonal lattice geometry, as 

compared to the trigonal lattices. Due to the modified lattice geometry with the 

pillar in the center of each hexagon missing, the cells that are in contact with 

pillars sense fewer topographic attractive stimuli. This lack of topographic 

attractors prohibits polarization and thus, cell migration to the side. 

Accordingly, the area probed by cell motion is reduced, even though the 

hexagonal lattice basically provides the cells with more space due to the 

missing center pillar. Interestingly, the same geometric condition leads to a 

more pronounced pillar-to-pillar guidance along the lattice vectors in terms of 

increased velocity and directional persistence. This effect is due to the fact that 

in hexagonal pillar fields, directed cell motion is less disturbed by side 

attraction. 

5.1.3 Topographic guidance of amoeboid cell migration 

Our results show that the different topographic influences on amoeboid 

migration result in guidance of migrating cells. The observed effects reflect the 

changes in spatial density and local lattice geometry of the pillar fields. In order 

to investigate the mechanisms of density-gradient guidance, we analyze the 

angle distributions of the migration directions in trigonal pillar fields with 

respect to the amoeboid motility modes. By that, we demonstrate that in the 

low density regime the influence of the local topography on the probability for 

directed runs is prevalent, leading cells out of these regions towards higher 

pillar densities. By contrast, in the high density regime, the pillars act as 

obstacles for the diffusive-like random probing motion. This leads to net shifts 

of cell positions to lower densities. Consolidating these results, we find that 
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cells tend to invade regions where the inter-pillar spacing is close to the mean 

cell diameter. 

In terms of guidance by the lattice geometry, we show that the angle 

distributions of the directed run states reflect the directions of the lattice 

vectors. This effect is more pronounced for the hexagonal lattice, due to the 

pronounced pillar-to-pillar guidance. In effect, we demonstrate how the 

analysis of amoeboid cell migration can yield information on the topographic 

structure of the cell environment, holding interesting perspectives for further 

investigations. 

5.1.4 Perspectives 

Our results provide detailed insights into the mechanisms governing amoeboid 

cell migration in interaction with the topographic structure of 

3D environments. We show that cell migration behavior in specific 

environments can be predicted in detail by the design of quantitative assays. 

Thoroughly controlled guidance of amoeboid cell migration holds great 

prospects for medical applications, such as the design of analytical assays for 

immune cells and smart materials for wound treatment. 

Upon transfer of this piloting approach to migration studies of other cell types, 

the concept is promising for the development of therapeutics and novel 

materials for regenerative medicine or tissue engineering. In particular, 

topographic control of mesenchymal cell migration may offer new 

opportunities for the design of implant materials upon variation of the density 

and geometrical properties of micron-scaled surface patterns124. 
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6.3 Supporting information 

 

Figure 15: Scanning electron microscopy (SEM) image of PDMS micro-pillar sample 
fabricated by standard procedure. Pillars are highly reproducible with variations on nm-
scale, due to the precisely controlled fabrication process. 
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Figure 16: (A-C) Distributions of the duration of cell migration states for cells migrating 
in isotropic trigonal pillar lattices of low (T1), intermediate (T2) and high density (T3) (see 
Figure 12). Lifetimes found for directed runs and random probing states labeled by red 
and blue color, respectively. (D-E) Distributions of the duration of cell migration states 
for cells migrating in anisotropic hexagonal pillar lattices of low (H1), intermediate (H2) 
and high density (H3) (see Figure 13). Lifetimes found for directed runs and random 
probing states are labeled by red and blue color, respectively. 
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Figure 17: (A-C) Distributions of the diffusion coefficient analog D of random cell 
migration (rmmodes) for trigonal pillar lattices of low (T1), intermediate (T2) and high 
density (T3). (D-E) Distributions of the diffusion coefficient analog D of random cell 
migration (rm-modes) for hexagonal pillar lattices of low (H1), intermediate (H2) and high 
density (H3). 
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Figure 18: Robustness test of angle distribution analysis of directed cell motion (dir-
runs). All angle distributions of cell migration in low (A,B), intermediate (C,D) and high 
density regimes (E,F) of trigonal and hexagonal pillar arrays are shown with 10°-
cumulated values. The original angle distributions for rm-modes (light blue) and dir-runs 
(light red) are shown corresponding to Figure 14 A-F, respectively. A second analysis of 
the same data under 5°-shifted data binning is additionally shown for directed cell 
migration (dir-runs) (dark red). Comparison shows that the peaks found in the original 
angle distributions are retained in the shifted distributions, proving the robustness of the 
results. Representative peaks are indicated by arrows. 
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Table 2: Statistical analysis of variables characterizing cell migration in T-arrays as a 
function of pillar lattice geometry and spatial density by the motility state parameters, 
the diffusion coefficient analog D, the exponent α, αdir, αrm, the instantaneous velocities 

V, Vdir, Vrm, the durations of the states τdir and τrm, and the direction persistence ∆, ∆dir, 

and ∆rm.Cell migration in T-arrays is evaluated at first by the mean values and the 
median of the obtained numerical distributions (see Figure 12). The distributions are 
characterized further by the different measures for deviation: the mean absolute 
deviation, the median absolute deviation and the standard deviation of the mean value, 
which allow determining the relative asymmetry of the distributions (skewness), 
respectively. Additionally, the 1- quantile and the 3-quantile of the distributions are 
shown. 
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Table 3: Statistical analysis of variables characterizing cell migration in H-arrays as a 
function of pillar lattice geometry and spatial density by the motility state parameters, 
the diffusion coefficient analog D, the exponent α, αdir, αrm, the instantaneous velocities 

V, Vdir, Vrm, the durations of the states τdir and τrm, and the direction persistence ∆, ∆dir, 

and ∆rm. Cell migration in H-arrays is evaluated at first by the mean values and the 
median of the obtained numerical distributions (see Figure 13). The distributions are 
characterized further by the different measures for deviation: the mean absolute 
deviation, the median absolute deviation and the standard deviation of the mean value, 
which allow determining the relative asymmetry of the distributions (skewness), 
respectively. Additionally, the 1- quantile and the 3-quantile of the distributions are 
shown. 
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IV.  CELL MIGRATION ON 

NANOSTRUCTURED SURFACES 

 

This chapter was published as  

“Nanostructured surfaces of biodegradable silica fibers enhance 

directed amoeboid cell migration in a microtubule-dependent 

process” 

by Martin Emmert, Patrick Witzel, Miranda Rothenburger-Glaubitt and Doris 

Heinrich  

in RSC Advances 7 (2017), Nr.10, S.5708-5714. 

 

This study builds upon my master’s thesis “Investigation and analysis of living 

cell interaction with silica fibers” that was prepared in 2014 at Fraunhofer ISC.  
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1. Abstract 

Cell motion and in particular amoeboid migration is crucial for the survival of 

living organisms. To advance biomedical research, a constant need for novel 

materials and surface structures arises, improving immigration of cells into 

artificial structures used for tissue engineering and for advancing therapy in 

modern medicine. This work focuses on investigating amoeboid single-cell 

migration on intrinsically nano-structured, biodegradable silica fibers in 

comparison to chemically equivalent plain glass surfaces. Cell migration 

trajectories are classified into directed runs and quasi-random migration by a 

local mean squared displacement (LMSD) analysis. We find that directed 

movement on silica fibers is enhanced in a significant manner by the fibers' 

nanoscale surface-patterns. Further, cell adhesion on the silica fibers is a 

microtubule-mediated process. Cells lacking microtubules detach from the 

fibers, but adhere well to glass surfaces. Knock-out mutants of myosin II 

migrating on the fibers are as active as cells with active myosin II, while the 

migration of the knock-out mutants is hindered on plain glass. Identifying 

relevant cytoskeletal compounds for cell migration in 2D vs. 3D will help to 

optimize materials or surfaces that boost specific migration strategies to open 

up new opportunities for innovative diagnostic and therapeutic concepts. 

2. Introduction 

Cell migration is crucial in the human organisms, involving essential processes 

like embryonic morphogenesis125,126 or wound healing.39,40 The introduction of 

novel scaffold materials to support or enhance cell migration is a major topic 

in tissue engineering and modern medicine, as cell behavior in vitro and in vivo 

is strongly influenced by the nanostructured surface of artificial scaffolds127 or 

the extracellular matrix.128  Amoeboid-like cell migration is an efficient concept 

of cell migration,100 e.g. performed by stem cells and different types of immune 

cells like monocytes,68 neutrophils129 and lymphocytes.130 These cell types can 
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travel long distances in reaction to chemical cues, exit blood vessels and crawl 

through tissues.38,129 As several signalling cascades and basic cytoskeletal 

mechanisms are similar to mammalian cells, the social amoeba Dictyostelium 

discoideum is a perfect model organism for the study of amoeboid 

migration.131 Amoeboid cells react to changes in their environment very 

quickly, which manifests in the amoeboid cells' ability to respond to external 

cues within seconds and to change their direction of movement within a few 

minutes.112,132 The cytoskeleton provides the highly dynamic system for the 

transport of regulatory proteins and cellular polymers that realize these rapid 

changes in migration direction or the switching from resting states to active 

migration: in reaction to external topographic and chemotactic stimuli, an 

amoeboid cell polarizes by force generation of the actomyosin cytoskeleton.133 

At first, the center of mass is moved into the direction of migration by extension 

of protrusions upon actin polymerization and material transport by stabilized 

microtubules.107 Migration is then achieved by further protrusion at the front 

and myosin II-driven contraction and concurrent retraction of adhesion sites 

at the rear.102 This complex interplay between actin polymerization, motor 

proteins and the microtubule network is crucial for force generation between 

substrate and cell.70  

As eukaryotic cells possess sensing and adhesion features in the nanometer 

range, directed cell migration can be induced and supported by topographic 

cues on the substrate.134 In the model of contact-reinforced motility, these 

topographic guidance effects are explained by a stabilization of pseudopods 

upon contact with a topographic stimulus, increasing the probability for 

directed migration in the direction of the stimulus.60,135 Thus, the introduction 

of three-dimensional structures or surface patterns that support cytoskeletal 

migration mechanisms can enhance cell migration without presentation of 

additional chemical attractants and find wide applications in medicine and 

medical research. For example, scaffolds made from such smart materials could 

greatly increase the efficiency of cell seeding in tissue engineering or serve as 
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a scaffold for the repair of tissue injuries.136 This work investigates (i) the 

influence of the intrinsic surface nanotopography of biodegradable silica fibers 

on amoeboid single cell migration and (ii) the role of specific cytoskeletal 

structures during migration on these fibers, in particular microtubules and 

myosin II. Our findings will contribute to the evaluation of the fiber material as 

a scaffold for applications in in vitro and in vivo situations. 

3. Materials and methods 

3.1 Fabrication and characterization of silica fiber samples 

Silica fibers were spun directly onto microscopy cover glasses for cell migration 

experiments. The standard precursor was prepared in a three-step synthesis: 

a mixture of tetraethoxysilane (TEOS), ethanol (EtOH), distilled water (H2O) 

and nitric acid (HNO3) (all from Sigma-Aldrich Chemie GmbH) was stirred at 

room temperature for several hours. EtOH was removed from the mixture in a 

rotary evaporator, followed by sol ripening carried out at low temperature.15 

During sol ripening, an abrupt increase of viscosity was detected. For fiber 

spinning, the gel was filled into a pressure vessel and extruded through a nozzle 

plate at pressures of 15–20 bar. After exiting the 150 μm nozzle diameter, the 

fibers were led through a laminar air flow with a drop distance of two meters 

onto microscopy cover glasses (borosilicate glass 3.3, 80.6 % SiO2, 12.5 % B2O3, 

4.2 % NaO, 2.2 % Al2O3, 0.5 % trace elements, Th. Geyer GmbH & Co. KG), placed 

on a programmable X–Y-table (Bosch Rexroth AG). The chemical composition 

of the resulting silica gel fibers was determined to be [Si(OH)0.2O1.9]n by thermal 

analysis in a previous work.15 Due to the high silica content, the chemical 

composition of the cover glasses is very similar to the fiber surface. The fiber 

diameter, shape and surface homogeneity were analyzed by SEM (Supra 25, 

Carl Zeiss Microscopy GmbH) after platinum sputtering. Figure 19 A shows a 

fiber fixed on a glass substrate. Due to a collapse of the circular surface upon 
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solvent diffusion and evaporation in laminar air flow, free-standing fibers 

exhibit a dog-bone-like shape (Figure 19 B). The dog-bone-shape at the surface 

is retained upon when fibers are directly spun onto cover glasses for migration 

experiments (Figure 19 C). Fiber widths were measured to be 60 ± 20 μm with 

fiber heights of 24 ± 8 μm. The surface of freshly fabricated fibers is smooth, 

with no distinct surface patterns (Figure 19 D). As the fiber material is 

biodegrading at a rate of 10–100 nm per day,15 nano-sized surface patterns 

emerge upon contact to aqueous media. SEM investigations on fibers that have 

been stored in simulated body fluid for several days revealed pits and 

elevations on the fiber surface with feature sizes below 200 nm (Figure 19 E). 

In comparison, the surface of the cover glass around the fibers appears smooth 

(Figure 19 A and Figure 25), exhibiting an average surface roughness below 

0.3 nm137. Thus, the comparison of amoeboid cell migration on silica fibers with 

cover glasses of similar chemical composition – but a flat surface – is expected 

to reveal the impact of the fibers' nanoscale topography on amoeboid cell 

migration.  

 

Figure 19: SEM micrograph of the silica fibers. (A) Silica fiber spun onto microscopy 
cover glass as used in the migration experiments (glass broken for visualization of fiber 
cross section). (B) Schematic illustration of the typical dog-bone shape of the fibers. (C) 
Schematic illustration of fiber samples for migration experiments (grey = fiber, blue = 
cover glass). (D) Surface of a freshly prepared silica fiber. (E) Silica fiber after 10 days of 
degradation in simulated body fluid (SBF) with pronounced surface patterns. 

https://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2017/RA/c6ra25739a/c6ra25739a-f1_hi-res.gif
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3.2 Cell preparation and migration experiments 

Different mutants of the D. discoideum strain AX2 were cultured for the 

experiments. For wild-type migration, cells expressing homogenously 

distributed Green Fluorescent Protein (GFP) in the cytoplasm (FreeGFP) were 

used. Additional experiments on myosin II-deficient cells were carried out with 

a myosin II null mutant with GFP-tagged LimEΔcc. All cell cultures were grown 

at 19-21 °C in Petri dishes at ambient air. 20
𝜇𝑔

𝑚𝐿
 gentamycin (G-418-Biochrom 

A2912, Biochrom AG) was added to the culture medium of FreeGFP cells. For 

myosin II null mutants, gentamycin and the additional antibiotic blasticidin 

(Sigma-Aldrich Chemie GmbH) were used at a concentration of 10
𝜇𝑔

𝑚𝐿
. Prior to 

the experiments, the cells were washed (four times) with phosphate buffered 

saline (PBS). Each step consisted of centrifugation at 2000 rpm for 4 minutes 

(Eppendorf MiniSpin® Plus, Eppendorf AG) and resuspension of the obtained 

cell pellet in PBS. For experiments, D. discoideum cells suspended in PBS were 

pipetted onto silica fibers on cover glasses at densities ranging from 300 000 

to 410 000 cells per cm2, the suitable cell number for the observation of up to 

10 cells in a field of view while excluding direct cell–cell interactions during cell 

tracking. Image acquisition was performed with a Nikon Eclipse Ti microscope 

(Nikon, Germany) and a 20× objective (Nikon, Germany). Fluorescence white 

light illumination was obtained by Intensilight (Nikon, Germany). For GFP 

imaging, an excitation filter (F36-525 HC, AHF, Germany) ensured excitation 

wavelengths of 457–487 nm and detection wavelengths of 500–540 nm. The 

setup is equipped with an EM-CCD camera (Hamamatsu, Japan) for detection 

of the fluorescence signal. A 100 W halogen lamp contained in the microscope 

was used for bright field illumination. Fluorescence images were acquired 

every 7 seconds for at least 45 minutes to exclude short-time effects. To 

minimize the excitation stress for the cells, exposure times were kept below 

100 ms. Additionally, a bright field image was taken for every time point to 

ensure proper fiber localization. 
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For experiments with cells deprived of microtubules, the microtubule-

depolymerizing agent benomyl (Sigma-Aldrich Chemie GmbH) has been used 

at a concentration of 50 μM on FreeGFP cells. Cell adherence after benomyl 

treatment was investigated by moving the microscopy table during live video-

acquisition and the determination of the number of adherent and non-adherent 

cells. 

3.3 Migration analysis 

For tracking analysis of migrating cells, the fluorescence image stacks were 

loaded into the image processing software ImageJ (National Institutes of 

Health, USA), analogously edited and converted to binary images. The obtained 

sequences of binary images were then analyted by the ImageJ plugin “Cell 

Evaluator” which tracks the center of mass of each cell.122 A text file is created, 

containing the X–Y coordinates for each time point. The cell trajectories were 

analyzed by the MATLAB® algorithm “CellMovement”,60,138 distinguishing two 

modes of cell migration: directed cell runs and quasi-random migration phases. 

It utilizes a local mean squared displacement (LMSD), which is calculated for 

every time point ti over a rolling time window of 16 frames (corresponding to 

a duration T = 112 s) as a function of different lag times τ:123  

                                〈∆𝑅2(𝜏)〉𝑖 = 〈(𝑅(𝑡𝑖 + 𝜏) − 𝑅(𝑡𝑖))2〉
𝑡−

𝑇

2
 < 𝑡𝑖 < 𝑡+

𝑇

2

  (1) 

The obtained 〈∆𝑅2(𝜏)〉 is then fitted by the power law 

                                                       
〈∆𝑅2(𝜏)〉

𝑙2
= 𝐴 (

𝜏

𝜏0
)

𝛼

    (2) 

Where 𝑙 = 1 μm is a chosen unit reference length and τ0 = 1 s is a reference 

time, so the prefactor A carries no physical dimension.139 The exponent α is a 

dimensionless coefficient describing the migration mode of a cell together with 

the trajectory's angle deviation. For a directed run with constant 

velocity vd, α is expected to be ≈ 2 and the variation in angle < 0.9. For α < 2, 
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the trajectory is classified as quasi-random motion with a generalized diffusion 

coefficient D retrieved from the prefactor A of the power law fit of equation (2) 

by 

                                                      𝐷 =
〈∆𝑅2(𝜏0)〉

2𝑑𝜏0
=

𝐴𝑙2

2𝑑𝜏0
    (3) 

where d is the number of spatial dimensions.139 For the directed run modes a 

new fit of the data is performed with α = 2, returning the local directed 

velocity vd by 

                                                       〈∆𝑅2(𝜏)〉 = 𝑣𝑑
2𝜏2    (4) 

4. Results and discussion 

4.1 Migration analysis 

We investigate amoeboid cell migration on nanostructured silica fibers in 

comparison to chemically analog flat glass surfaces in order to reveal the 

impact of the fibers' nanoscale topography on amoeboid cell migration. Fibers 

exhibit a dog-bone-shape (Figure 19 A, width = 60 ± 20 μm, height = 24 ± 

8 μm) and nanoscale surface patterns emerging upon biodegradation in 

aqueous media (Figure 19 E). 

Figure 20 A shows a cell migration trajectory: every 7 s, D. discoideum cells 

were imaged in bright field and the fluorescent channel. The fluorescent 

channel image was binarized and each cell's center of mass was tracked for 

every time point. By local mean squared displacement (LMSD) analysis, the 

trajectories were divided into directed cell runs (red) and quasi-random 

migration (black). This analysis is based on a rolling window of 16 frames, in 

which the LMSD is calculated as (1) (see Materials and methods) and the 

exponent α (2) (see Materials and methods) determines directed runs. In these 

directed migration states, cells are more polarized (Figure 20 B) and exhibit 



IV - Cell Migration on Nanostructured Surfaces 

 
 

 
82 

 

extended sections of directionally persistent movement. These are interrupted 

by short phases of quasi-random migration, where the cell is protruding into 

different directions without significant movement of the center of mass 

(Figure 20 B). We analyzed 24 438 data points (47.5 h) on flat glass and 

22 413 data points (43.6 h) on silica fibers. Figure 21 displays cell migration 

parameters of the LMSD analysis and their mean values. 

 
 

Figure 20: (A) Multi-channel microscopy image (brightfield + fluorescence) with 
overlayed single cell trajectory over the whole experiment. In the trajectory, random 
(black) and directed (red) migration states are distinguished. (B) SEM micrograph of a 
single non-polarized D. discoideum cell on plain glass. (C) SEM micrograph of a 
polarized D. discoideum cell on the fiber surface. 

https://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2017/RA/c6ra25739a/c6ra25739a-f2_hi-res.gif
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The distribution of instantaneous velocities for cells migrating on silica fibers 

(Figure 21 B) is significantly shifted to higher values as compared to migration 

on plain glass (Figure 21 C). The overall mean velocity increases by 78 % for 

cells migrating on the fibers. The velocity distribution of directed states (red) 

is clearly increased on silica fibers, while the number of non-directed, slow 

tracks is significantly decreased as compared to the 2D glass surface. 

Table 4: Extracted migration parameters, FreeGFP representing wild-type migration, 
MyoII0 the migration of myosin II deficient cells. 

 

 

  Coverglass Fiber 

FreeGFP MyoII0 FreeGFP MyoII0 

Number of cells 𝑁 46 31 49 30 

Data points 𝑛 24 438 10 212 22 413 10 084 

Mean alpha value �̅� 1.45 1.34 1.62 1.61 

Mean diffusion 

coefficient (
µ𝒎𝟐

𝒔
) 

�̅� 0.0026 0.0014 0.0056 0.0038 

 

Mean instantaneous velocity 

Of directed states (
µ𝒎

𝒔
) �̅�A 0.057 0.046 0.104 0.081 

Overall (
µ𝒎

𝒔
) �̅�all 0.041 0.029 0.073 0.059 

 

Mean duration of state lifetimes 

Of directed states (s) �̅�all 32.5 39.2 45.4 52.0 

Of quasi-random states 

(s) 

�̅� 199.5 171.7 92.1 99.2 

 

% of time spent in phases 

Directed 11 15 27 30 

Quasi-random 85 81 64 61 
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Figure 21: Cell migration analysis of D. discoideum FreeGFP cells. (A) Experimental 
setup for cell migration assay on silica fibers vs.on plain glass. (B/C) Probability density 
function (PDF) of the instantaneous migration velocities (red = directed migration 
velocities, blue = quasi-random migration velocities, black = all values) with 
corresponding mean value (black dotted line). (D/E) PDF of the cells' diffusion 
coefficients with corresponding mean value (black dotted line). (F/G) PDF of the LMSD 
alpha coefficient (red = directed states, blue = quasi-random states, black = all values) 
with corresponding mean value (black dotted line). (H/I) PDF of the directed state 
durations with corresponding mean value (black dotted line). (J/K) PDF of the quasi-
random state durations with corresponding mean value (black dotted line). 

 

https://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2017/RA/c6ra25739a/c6ra25739a-f3_hi-res.gif
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The mobility of cells in quasi-random migration states is characterized by the 

generalized diffusion coefficient D,123,140 displayed in Figure 21 D-E. In general, 

cells migrating on flat glass (Figure 21 D) exhibit lower diffusion coefficients 

than cells on silica fibers (Figure 21 E). The mean diffusion coefficient 

increases by 115 % for cells on the fiber surface. Thus, quasi-randomly 

migrating cells are highly motile on silica fibers. For a measure of the motility 

mode of cells on a substrate, the dimensionless α coefficient of the LMSD is 

analyzed. It is the exponent of the MSD power law fit (2) (see Materials and 

methods) and describes the migration mode of a cell for every time point of the 

cell trajectory. For α values ≈ 2, a cell performs directed migration, while α  < 2 

characterizes diffusive, quasi-random motion. The α distributions 

(Figure 21 F-G) and the corresponding mean values are shifted to higher values 

on the silica fibers. Compared to the migration on plain glass, we find an 

increase by 12% from α = 1.45 to α = 1.62. Additionally, the lifetime 

distributions of directed and quasi-random migration states confirm this trend: 

on fibers, directed states are prolonged compared to on cover glass 

(Figure 21 H-I), with a 37% increase of the mean value from 33 s to 45 s. The 

distribution of the lifetimes of quasi-random states is shifted to smaller values 

on silica fibers (Figure 21 J-K), with the mean value decreasing from 200 s to 

92 s. This result is strengthened by the significantly longer total time spent in 

directed migration phases on silica fibers: the portion of directed cell tracks on 

silica fibers (27 %) is twice larger than on cover glasses (11 %) (Table 4). This 

indicates a stabilization of directed migration phases and a nanotopography-

triggered induction of directed migration for cells in the reorientation phase. 

 

 

  

https://pubs.rsc.org/en/content/articlehtml/2017/ra/c6ra25739a#eqn2
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4.2 Direct impact of surface nanotopography on amoeboid 

migration 

The presented results indicate a direct impact of the surface topography of the 

silica fibers on amoeboid cell motility. Due to biodegradation upon contact with 

aqueous media, nanoscaled surface features emerge at the fiber surface 

(Figure 19 E). On the cell level, sensing of these nanoscale features by filopodia 

leads to polarization with stabilized protrusions and enhanced directed 

migration.46,134 When analyzing cell migration on fibers, it is important to 

consider the effect of surface curvature. In a study on amoeboid migration of 

lymphocytes Song et al. fabricated sinusoidal wavy surfaces with constant 

amplitude but different wavelengths.141 They found an enhancement of 

amoeboid migration for small wavelengths but a less pronounced to no effect 

for higher wavelengths and flat surfaces. Transferring this curvature-

dependence from this study to the fiber surfaces we investigated, none or only 

a very slight effect of curvature on amoeboid migration can be expected in our 

study. Additionally, even the most pronounced effect of surface curvature on 

migration velocities found by Song et al. was four-fold lower than the 

difference we found between flat glass and fiber surfaces. Thus, the migration 

data clearly display the differences in amoeboid migration with pronounced 

directed runs on nano-structured silica fibers and significantly decreased 

motility on the flat surface (Table 4). The mean generalized diffusion 

coefficient D is significantly higher on silica fibers than on plain glass 

substrates (Figure 21 D-E). This indicates that even cells in quasi-random 

migration states are more motile on the fiber surface than on plain glass. SEM 

micrographs of D. discoideum cells on the different surfaces underline these 

findings: more polarized, motile cells are found on the silica fibers 

(Figure 20 C), whereas cells on plain glass surfaces mostly lack polarization 

(Figure 20 B). 

  



IV - Cell Migration on Nanostructured Surfaces 

 
 

 
87 

 

4.3 Migration of cells lacking myosin II 

For the elucidation of the underlying mechanisms and the involved key players 

in cell migration, we investigate cell migration of myosin II null 

mutant D. discoideum cells in the same experimental setup. Myosin II deficient 

cells lack an important part of the actomyosin migration machinery that is 

involved in the induction of directed migration phases. In healthy cells, actin 

filaments at the cell rear are contracted by myosin II-mediated cross-linking, 

creating pushing forces by cell cortex contraction and inducing the detachment 

of actin foci at the surface. In myosin II deficient cells, this mechanism is 

suppressed, greatly impeding actin foci retraction from highly adhesive 

surfaces142 and thus, cell locomotion. Previous studies have shown that myosin 

II-deficient cells are generally capable of creating pseudopods and to exhibit 

quite normal locomotion characteristics, but with reduced velocities and 

polarization.143,144 This reduction in motility is believed to be due to a lack of 

cortical tension that hinders contraction and retraction at the trailing edge and 

thus pseudopod stabilization at the leading edge and translocation of the cell 

body.145,146 Additionally, myosin II null mutants exhibit a clearly increased 

number of actin foci,72 which might be the reason for their slow migration 

velocities. 

In our experiments, migration of myosin II null mutant cells 

of D. discoideum on plain glass is clearly hindered compared to FreeGFP-cells. 

This effect is consistent throughout the whole set of migration parameters: we 

see a distinct decrease in the mean values of the α coefficient from 1.45 to 1.34 

and decreases in the mean diffusion coefficient and the mean instantaneous 

velocities (Figure 22 A and Figure 23) (Table 4). In contrast, cell migration 

analysis of myosin II null mutant cells on the silica fibers reveals the same mean 

value for the α coefficient as for the FreeGFP cells (Figure 22 A). This indicates 

that the enhanced overall motility is conserved compared to FreeGFP cells, 

with distinct decreases in the other migration parameters due to the loss of 
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actin cortex tension and contractibility. Therefore, we can conclude that the 

nanoscale topography of the silica fibers induces and supports pseudopod 

stabilization and facilitates cell migration even in cells with greatly decreased 

cortical tension. 

 
Figure 22: Comparison of the importance of cytoskeletal proteins for cell migration on 
the different substrates. (A) Decrease in migration parameters in cells lacking myosin II.     
(B) Quantification of cell detachment upon removal of microtubules. 

4.4 Investigation of cells lacking microtubules 

As microtubule-driven protrusion stabilization is the main migration 

mechanism in amoeboid cells, we investigate the behavior 

of D. discoideum cells deprived of microtubules in our experimental setup by a 

shaking assay. Our studies reveal that cell adhesion on silica fibers is mostly 

lost after treatment with benomyl, a microtubule-depolymerizing agent, while 

cells on plain glass are still adherent. Only 14.5 % of cells on the fibers are 

https://pubs.rsc.org/services/images/RSCpubs.ePlatform.Service.FreeContent.ImageService.svc/ImageService/Articleimage/2017/RA/c6ra25739a/c6ra25739a-f4_hi-res.gif


IV - Cell Migration on Nanostructured Surfaces 

 
 

 
89 

 

adherent after benomyl treatment, in contrast to 91.0 % of the microtubule-

deprived cells on flat glass (Figure 22 B). The impact of benomyl on cell 

adhesion is visualized in a comparison of images at t = 0 and t = 15 min after 

microtubule depolymerization (Figure 24): most cells have fallen off the fibers, 

while cells on the glass surfaces do not detach and remain in place. The process 

of cells sliding down from the fibers to the plain glass surface, where they 

adhere again.  

This result points towards a migration mechanism based on actin foci as a 

direct functional dependency between microtubules and the actin cortex. This 

relation has also been found in axon growth cones: benomyl treated cells lost 

adhesion on microtubule deprivation due to a loss of actin foci, pointing 

towards an analog mechanism in mammalian cells.147 

5. Conclusion 

We investigated the influence of the intrinsically nano-patterned surface of 

biodegradable silica fibers on amoeboid cell migration. We found pronounced 

directed runs on the silica fibers compared to plain glass surfaces and further 

investigated underlying mechanisms. Experiments with D. discoideum 

deprived of microtubules revealed that the adhesion and migration 

mechanisms on silica fibers were greatly microtubule-dependent: adhesion to 

fibers was lost without microtubules, while microtubule-deprived cells on flat 

glass surfaces remained adherent. We found that the migration effect on fibers 

was less influenced by myosin II, as null mutant cells were as active as cells 

with active myosin II, while migration of cells lacking myosin II was greatly 

hindered on plain glass. 

Our work demonstrates the importance of nanoscale surface features and 

scaffold structure for the motility of cells in physiological processes and thus, 

in the application for medical purposes. The fact that amoeboid motion is 
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greatly facilitated by the silica fibers used in this work opens future prospects 

for the use as a scaffold material in regenerative medicine. As some important 

cells of the innate and adaptive immune system, namely neutrophils, 

monocytes and some leukocytes exhibit amoeboid movement, the immune 

response after wounding might be greatly enhanced: a 3D silica fiber scaffold 

implanted into the site of injury can serve as a guiding structure, enabling 

immune cells to immigrate into the injury and facilitating cell movement in 

every spatial direction. An accelerated infiltration of immune cells could down-

regulate the overall immune response which has been shown as a potential 

route to scarless regeneration of tissue.41,148 Knowledge of the functional 

connectivities and the underlying intracellular mechanisms may lead to novel 

strategies for cell guidance and the manipulation of cell functions. For patients, 

such “smart implants” for tissue regeneration would have great benefit. 
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6.2 Supporting Information 

Figure 23: Cell migration analysis of D.discoideum myosin II null mutant cells. (A) Experimental setup 
for cell migration assay on silica fibers vs. on plain glass. (B/C) Probability densitiy function (PDF) of 
the instantaneous migration velocities (red = directed migration velocities, blue = quasi-random 
migration velocities, black = all values) with corresponding mean value (black dotted line). (D/E) PDF 
of the cells’ diffusion coefficients with corresponding mean value (black dotted line). (F/ G) PDF of the 
LMSD alpha coefficient (red = directed states, blue = quasi-random states, black = all values) with 
corresponding mean value (black dotted line). (H/I) PDF of the directed state durations with 
corresponding mean value (black dotted line). (J/K) PDF of the quasi-random state durations with 
corresponding mean value (black dotted line). 
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Figure 24: Comparative 
microscopy images of Dd 
cells on flat glass samples 
and silica fibers at the same 
sample positions. 
(A/B) Before Benomy 
treatment. (C/D) After 
Benomyl treatment, cells 
have detached from the 
fibers while they are still 
adherent to the flat glass. 
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Figure 25: High-resolution SEM micrograph of silica fiber spun onto microscopy cover 
glass as used in the migration experiments (glass broken for visualization of fiber cross 
section). The surface roughness of the cover glass is observed to be smaller than that of 
the biodegradable fiber surface. 
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V.   MODULATION OF MAMMALIAN CELL 

BEHAVIOR BY NANOPOROUS GLASS  

 

This chapter was published as  

“Modulation of Mammalian Cell Behavior by Nanoporous Glass” 

by Martin Emmert, Ferdinand Somorowsky, Jutta Ebert, Dominik Görick, 

Andreas Heyn, Moritz Wahl, Eva Rosenberger and Doris Heinrich  

in Advanced Biology 5 (2021), Issue 7, 2000570. 

 

Part of this research is part of the EU Patent EP 3561045B1 “Verfahren zur 

Kultivierung und Differenzierung von Zellen" and the US Patent Application 

#20190345443 “Method for the Culturing and Differentiation of Cells”. 
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1. Abstract 

The introduction of novel bioactive materials to manipulate living cell behavior 

is a crucial topic for biomedical research and tissue engineering. Biomaterials 

or surface patterns that boost specific cell functions can enable innovative new 

products in cell culture and diagnostics. We investigate the influence of the 

intrinsically nano-patterned surface of nanoporous glass membranes on the 

behavior of mammalian cells. Three different cell lines and primary human 

mesenchymal stem cells (hMSCs) proliferate readily on nanoporous glass 

membranes with mean pore sizes between 10 nm and 124 nm. In both 

proliferation and mRNA expression experiments, L929 fibroblasts show a 

distinct trend towards mean pore sizes > 80 nm. For primary hMSCs, excellent 

proliferation is observed on all nanoporous surfaces. hMSC on samples with 17 

nm pore size display increased expression of COL10, COL2A1 and SOX9, 

especially during the first two weeks of culture. In upside down culture, SK 

MEL-28 cells on nanoporous glass resist the gravitational force and proliferate 

well in contrast to cells on flat references. The effect of paclitaxel treatment of 

MDA MB 321 breast cancer cells is already visible after 48 h on nanoporous 

membranes and strongly pronounced in comparison to reference samples, 

underlining the material’s potential for functional drug screening. 

2. Introduction 

The behavior of living cells in the complex 3D environment of tissues and 

organs inside the human body vastly differs from in vitro cell culture on simple 

2D culture surfaces that are state of the art in medical products and the 

pharmaceutic industry. This imposes a vast need for novel surfaces that 

influence cellular behavior in a defined manner to trigger or support specific 

cell functions.149 For example, the efficient clinical translation of promising 

experimental studies on stem cells is still impeded by the lack of culture 

substrates for their robust expansion and differentiation.6,78,150 In drug 
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development, there is a great demand for functional assays with novel culture 

surfaces for the investigation of drug effects on different cellular functions like 

adhesion, migration or spreading behavior.151 Elucidating these effects will 

facilitate the early identification of drug candidates for specific applications, 

reduce the number of substances that finally go into animal testing and clinical 

studies and eventually, increase the safety of the product and the benefit for 

the patient.  

One of the most promising approaches to design such next-generation 

biomaterials is adding a defined surface topography or porosity in the micron- 

or nanometer scale.152 Topographical features at these scales are on 

dimensions of subcellular structures and have been identified to be a 

modulator of various intracellular processes like cytoskeletal ordering, gene 

expression and transport mechanisms.153–155 When being exposed to a new 

substrate, a cell explores the surface with actin containing protrusions of the 

cell membrane called filopodia, inducing mechanical interaction. In the case of 

positive interaction, the cell increases its contact with the new substrate by 

actin polymerization towards the material surface, leading to novel focal 

adhesions. The cell-substrate interaction can depend on the material type, the 

functional surface groups or proteins, or on topographic stimuli. In the growing 

field of topographic surface research for cell culture, various kinds of 

topographies are being examined, e. g. pillars, gratings, grooves, ridges or 

pores. For porous substrates, it has been shown that the cell-substrate 

interaction can be controlled by alterations of the pore size or the pore 

distribution. As an example, seeding hepatoblastoma cells on nanoporous 

alumina membranes with a pore diameter of ~ 60 nm, ~ 85 nm or ~ 200 nm 

results in an increase in proliferation with increasing pore diameter.156 

Fibroblasts show increased adhesion and cell proliferation on nanoporous 

surfaces, opening up opportunities to intentionally impede the proliferation of 

certain cell types. All of these examples display the potential of porous 

substrates as future biomaterials for cell culture and tissue engineering.  
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Another material group for the fabrication of porous cell culture substrates is 

nanoporous glass. Glass is a material class that has been routinely used in 

biology and biomedical research since the first days of cell culture.157 Thus, 

identifying distinct effects of glassy materials on living cells might lead to 

applications more quickly due to shortened approval processes compared to 

completely novel material compositions. Glasses from the ternary glass system 

Na2O–B2O3–SiO2 show a big miscibility gap and become porous after 

temperature treatment and a leaching process with hot water or acid. After 

leaching, only the SiO2 framework remains and constitutes the nanoporous 

framework of the glass with an interconnected pore system.88 The main 

characteristics of the resulting glasses are a tuneable porosity, a nearly pure 

SiO2 matrix leading to a high chemical and thermal stability, a narrow pore size 

distribution and a good accessibility of the pores. When fabricated into thin 

membranes, they exhibit a high optical transparency ready for microscopy in 

biological application. Their nano-sized porous surface structure represents a 

topographic 3D stimulus for living cells, resembling their natural environment 

of the human body. Thus, nanoporous glass meets all requirements for the use 

in advanced biomedical applications. A scaffold made of glass with bioactive 

properties could be a promising and cost-effective approach towards novel, 

more physiological cell culture surfaces. In this work, we investigated the 

suitability of nanoporous glass membranes as a novel culture surface for more 

realistic cell culture and in vitro assays. We seeded different murine and human 

cell lines on surfaces with varying nanopore sizes and analyzed their 

proliferation and gene expression behavior. Furthermore, we performed a 

functional assay probing the effect of a microtubule-targeted drug on the 

adhesion of breast cancer cells. In summary, we systematically investigate 

nanoporous glass membranes as a potential cell culture surface. 
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3. Materials and Methods 

3.1 Membrane preparation 

We produced nanoporous glass samples with two different material 

compositions and multiple mean pore sizes (Table 5).  

Table 5: Properties of nanoporous glass samples. 

Mean pore size /  

Sample name 

Demixing 

Temperature 

 

% SiO2 

 

% B2O3 

 

% Na2O 

10 nm 500 °C 80,0 16,5 3,5 

20 nm 650 °C 80,0 16,5 3,5 

17 nm 585 °C 70,0 23,0 7,0 

26 nm 615 °C 70,0 23,0 7,0 

46 nm 645 °C 70,0 23,0 7,0 

81 nm 700 °C 70,0 23,0 7,0 

124 nm 730 °C 70,0 23,0 7,0 

 

Smelting of initial components was performed at 1500 °C for 2 h. The smelted 

samples were slowly cooled down (10 K h-1) to room temperature and cut into 

pieces of 16 x 16 mm before they were grinded down to a thickness of 250 µm. 

To achieve nanoporous glasses of different pore sizes, a second heat treatment 

step was performed at temperatures between 500 °C and 730 °C for 8 h 

(Table 1). After slowly cooling down, the samples were leached out for 2 h in 

distilled water at a temperature of 90 °C. After the leaching process, the hot 

water was exchanged in parts with 25 °C warm water. When the water in the 

beaker reached 60 °C, the samples were taken out of the beaker and washed in 

warm distilled water before they were placed in the oven over night to dry at 

60 °C. This process was necessary to prevent cracks in the glass samples. All 
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samples were stored at room temperature. The nomenclature for this work is 

defined in Table 1. Borosilicate microscopy cover glass slips were used as flat 

glass reference (FLAT) (Menzel-Gläser, Thermo Fischer Scientific) to compare 

the results with a flat surface of the same material class. Tissue culture 

polystyrene (TCPS) was utilized as the “gold standard” control for standard cell 

behavior in 2D cell culture. 

3.1 Membrane characterization 

Membranes with 70 % SiO2 were characterized in detail by UV-VIS 

transmission and SEM measurements, followed by pore size calculation. 80 % 

SiO2 samples were characterized by SEM (Figure 31). 

3.1.1 UV-VIS 

Transmission spectra of nanoporous glass membranes with 70 % SiO2 were 

recorded with a „Cary 50 UV-Vis“-spectrophotometer (Varian Inc). The 

wavelength range was from 180-900 nm. 

3.1.2 SEM and pore size analysis 

We acquired SEM micrographs of all samples. Measurements were performed 

with a Supra 25 Scanning Electron Microscope (Carl Zeiss Microscopy) at 

different magnifications and voltages. For pore size analysis, images were 

binarized with FIJI (ImageJ, National Institutes of Health, USA) by manual 

thresholding. Then, the plugin „DiameterJ“ was used to determine the mean 

pore diameters. “DiameterJ” includes “OrientationJ”, which consists of several 

scripts for analyzing fiber orientation and the pores inside scaffolds, e.g. the 

mean pore diameter used as a sample classifier in this study. 
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3.2 Biological Studies 

3.2.1 Proliferation and qRT-PCR studies on L929 

3.2.1.1 Cell Culture 

Lentivirally transfected L929 mouse fibroblast cells expressing a free Green 

Fluorescent Protein (L929-GFP) in the cytoplasm were used for the 

experiments. Cell culture was performed at standard conditions. For 

proliferation and SEM studies, cells were kept in “Minimum Essential Medium 

(MEM) EBS with stable Glutamine without Phenolred” (Amimed), 10 % FCS 

(Bio&Shell) and 1 % PenStrep (Sigma-Aldrich). For mRNA expression 

experiments, cells were cultured in „Dulbecco’s Modified Eagle Medium 

(DMEM) with GlutaMAX” (Gibco), 10 % FCS and 1 % PenStrep. Medium 

exchange was performed at standard rates for cell culture (every 2-3 days). 

3.2.1.2 Proliferation experiments 

Prior to the experiments, nanoporous glass membranes with four different 

mean pore sizes (17 nm, 45 nm, 81 nm, 124 nm) and FLAT glass reference 

samples were glued to glass sample holders for upside-down culture and 

autoclaved. The glasses and TCPS reference surfaces were pre-incubated with 

phosphate buffered saline (PBS, Sigma-Aldrich) for 15 min and culture medium 

for 30 min. Cells were seeded on the glass samples at a density of ~ 15.500 cells 

cm-2. For the TCPS control, cells were seeded directly into multi-well plates at 

a density of ~ 4.000 cells cm-2. The difference in initial seeding density was 

chosen to correct for the height of the sample holder / sample compound 

(> 50 % of total medium level) that decreases effective seeding density on the 

glass substrates. For microscopy, the glass samples were reversed in the well. 

Images were acquired at days 1-4, 7, 10 and 14. For each time point, bright field 

and the fluorescent images of the same ten positions were taken. The images 

were processed and aligned with Corel Photo-Paint X5 (Corel DRAW) prior to 

cell counting. Cell counting was performed manually with the “Cell Counter” 
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plugin of FIJI. Relative cell counts compared to day 1 were calculated. The cell 

doubling time Td was calculated for each time interval. For this, the following 

exponential function was applied: 

𝑁(𝑡) = 𝑁0𝑒𝑘𝑡  𝑇𝑑 =  
𝑙𝑛 2

𝑘
 

where N0 is the cell count at day 1, k is the growth rate, t the time and Td is the 

doubling time. For further analysis, the mean daily doubling rate per cell for 

each day was calculated as the inverse of the doubling times with the general 

assumption of exponential growth.  

3.2.1.3 SEM preparation and measurements  

For SEM visualization of L929-GFP cells on nanoporous glasses and reference 

samples, cells were seeded at a density of ~ 125.000 cells/cm2 and cultured for 

48 h. After that, the samples were rinsed three times with warm and once with 

ice cold PBS (Sigma-Aldrich) for one minute. Subsequently, they were placed 

on ice and treated with 6 % glutaraldehyde (Sigma-Aldrich) in PBS (Sigma-

Aldrich) for 30 minutes. Then the samples were stored in PBS (Sigma-Aldrich) 

on ice for five minutes three times, medium was exchanged between steps. 

Afterwards, PBS was exchanged with distilled water at room temperature. 

Then water was replaced by acetone in five concentration steps: 15 min 30 % 

acetone, 20 min 50 % acetone, 30 min 75 % acetone, 45 min 90 % acetone and 

5 times for 30 min 100 % acetone. Finally, acetone was exchanged with CO2 by 

critical point drying in a pressure chamber at 7 °C by repeated sucking of 

acetone from the chamber and replacement by CO2. This was repeated 15 times 

before heating the chamber up to 40 °C over the critical point of CO2 (31 °C, 

73.8 bar) to reach a final pressure of about 80 bar. Then the CO2 was slowly 

released from the chamber. After that, the samples were sputtered with 

platinum and analyzed in a scanning electron microscope (Supra 25, Zeiss). 
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3.2.1.4 qRT-PCR analysis 

The expression of different adhesion-related and physiologically relevant 

genes of L929-GFP cells in reaction to nanoporous glass membranes was 

analyzed using quantitative reverse transcription polymerase chain reaction 

(qRT-PCR). Nanoporous glass membranes with mean pore sizes 17 nm, 26 nm, 

45 nm, 81 nm and 124 nm were analyzed, as well as flat reference samples 

(FLAT, TCPS). Pieces of the glass samples were placed in petri dishes, while for 

TCPS, the bottom of the petri dishes was used as culture substrate. All samples 

were pre-incubated with cell culture medium for 15 minutes prior to the 

experiments. L929-GFP cells were seeded at a density of 10.000 cells cm-2. The 

glass samples were moved to new petri dishes the day after seeding to exclude 

the influence of the cells at the bottom of the original petri dishes on qRT-PCR 

results. After 48 h of culture, the cells were harvested and lysed directly in the 

petri dishes with the RNase MicroKit (Qiagen). Equivalent amounts of all 

samples were reverse transcribed into cDNA with the iScript cDNA Synthesis 

Kit (Biorad). qRT-PCR was performed in a CFX96 Real-Time PCR system (Bio-

Rad) using the SsoFast EvaGreen Supermix (Bio-Rad). The primers for the 

experiments are listed in Table 6, ACTB was used as the housekeeping gene for 

normalization. 

 

3.2.1 hMSC culture, phalloidin staining and qRT-PCR 

3.2.1.1 Cell Culture 

Human mesenchymal stem cells from two patients (male, 35 and female, 62) 

were isolated under the approval of the Local Ethics Committee of the 

University of Würzburg (approval number 182/10) and informed consent of 

the patients. Cells were cultured at standard conditions. The cell culture 

medium was “DMEM/F12” (Gibco) with 10 % FCS (Bio&Shell) and 
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1 % PenStrep (Aldrich). Medium exchange was performed at standard rates for 

cell culture (every 2-3 days). 

Table 6: Primers for L929 qRT-PCR experiments. 

Name 

Sequence (5'-3') 

PCR product length 

Forward primer Reverse primer 

ACTB ACTGTCGAGTCGCGTCCA TCATCCATGGCGAACTGGTG 88 

MKI67 CAGAGCTAACTTGCGCTGAC CGCTTGATGGTGACCAGGTG 148 

MCM2 ACATCGAGTCCATGATCCGC ACATCGAGTCCATGATCCGC 133 

FAK ACCAAAGAAACCTCCTCGCC AGGCACAGATACCCACCTTG 110 

ITGB1 GGACGCTGCGAAAAGATGAA CCACAATTTGGCCCTGCTTG 152 

COL1A1 GAGAGGTGAACAAGGTCCCG AAACCTCTCTCGCCTCTTGC 153 

FN1 CGACTCTGACTGGCCTTACC ACCGTGTAAGGGTCAAAGCA 166 

ACTA2 GTTCAGTGGTGCCTCTGTCA ACTGGGACGACATGGAAAAG 101 

 

 

 

 

3.2.1.2 Phalloidin staining 

Small pieces of nanoporous glass samples with 17 nm, 46 nm and 81 nm mean 

pore size and FLAT glass were autoclaved, distributed to 48-well plates and 

pre-incubated with PBS for 20 minutes and cell culture medium for 1 h. 

Additionally, TCPS petri dishes were cut into small pieces, sterilized and pre-

incubated in the same way in 48-well dishes. Cells were seeded at a density of 

~ 70.000 cells cm-2 on nanoporous glass samples and ~ 25.000 cells cm-2 on 
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references (to prohibit confluence). Cells were cultured at standard conditions 

until fixation on days 1, 2, 5, 7, 9, 14, 21 and 28 after seeding. For fixation and 

Phalloidin / DAPI staining, the samples were washed three times with PBS, then 

fixated for 20 minutes in 4 % Histofix™ (Carl Roth) and washed three times 

with PBS again. After that, the cells were permeabilized with 0.2 % Triton X-

100 (Sigma-Aldrich) and washed three times with PBS again. Then, blocking 

was performed by incubating with 1 % BSA (Sigma-Aldrich) in PBS for 

20 minutes before staining in Alexa Fluor™ 555 Phalloidin (Invitrogen) 

(diluted 1:40 with PBS). Samples were then mounted with Fluoromount™ with 

DAPI (ThermoFisher) and left to dry overnight. Imaging was performed with a 

Keyence fluorescence microscope.  

3.2.1.3 qRT-PCR experiments 

Nanoporous glass samples with mean pore sizes of 17 nm, 46 nm and 81 nm, 

FLAT reference glasses and TCPS were used for hMSC experiments. We took 

the decision to limit the number of different nanoporous glass samples to three 

due to limitations in the availibilty of primary human cells, in order to ensure 

sufficient RNA material for all samples at all timepoints. These three mean pore 

sizes were the logical choice, being not too far apart and still representing three 

distinctly different regimes of mean pore sizes. Samples were placed into 12-

well plates and cells were seeded with a densitiy of ~ 85.000 cells cm-2 

(nanoporous glass samples) and ~ 30.000 cells cm-2 (references). The glass 

samples were moved to new well plates the day after seeding to exclude the 

influence of the cells at the bottom of the original wells on qRT-PCR results. At 

timepoints 7 d, 12 d, 21 d and 28 d of culture, cells were harvested and lysed 

directly in the wells. For subsequent analysis, samples from day 7 and day 12 

were pooled due to limitations in cells available for initial seeding. All further 

steps were performed as described in 2.3.1. The primers for the experiments 

are listed in Table 7, GAPDH was used as the housekeeping gene for 

normalization. 
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Table 7: Primers for hMSC qRT-PCR experiments. 

Name 

Sequence (5'-3') 

PCR product 

length 

Forward primer Reverse primer 

GAPDH TGACGCTGGGGCTGGCATTG GCTCTTGCTGGGGCTGGTGG 154 

Col2a1 CGGCTTCCACACATCCTTAT CTGTCCTTCGGTGTCAGGG 92 

Col10 ACAGGCATAAAAGGCCCACT GCACACCTGGTTTCCCTACA 247 

Sox 9 GCTCAGCAAGACGCTGGGCA TCCGTGGCCTCCTCTGCCTC 180 

 

3.2.2 Short-term adhesion and proliferation studies of SK-MEL-28 

3.2.2.1 Cell Culture 

SK-MEL-28 with lentivirally transfected GFP were cultured under standard 

conditions in “Dulbecco’s Modified Eagle Medium (DMEM) with GlutaMAX™” 

(Life Technologies), with 10 % fetal calf serum (FCS) (Bio&Shell) and 1 % 

Penicillin Streptomycin (PenStrep) (Sigma-Aldrich). The cells were kindly 

gifted by Sebastian Kress (Fraunhofer ISC, Würzburg). Before fluorescence 

microscopy experiments, the medium was switched to “Minimum Essential 

Medium (MEM) EBS with stable Glutamine without Phenolred” (Amimed), 

10 % FCS and 1 % PenStrep. Medium exchange was performed at standard 

rates for cell culture (every 2-3 days). 

3.2.2.2 Adhesion experiments 

Prior to the experiments, the glass samples were autoclaved. Cells were 

trypsinized, counted and suspended to ~ 50.000 cells mL-1. 10 μL drops of this 

suspension containing ~ 500 cells were applied onto nanoporous glass samples 
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with a mean pore size of 10 nm, 20 nm and FLAT reference glass samples. After 

3 h incubation in upright culture to allow the cells to adhere to the surfaces 

under the drops, the samples were put upside-down into “μ-Dishes 50 mm” 

(ibidi GmbH) containing cell culture medium and spacers to prevent the sample 

surface from touching the bottom of the dish. After flipping, samples were 

incubated overnight. Image acquisition (brightfield and fluorescence) was 

performed on days 1, 2, 3 and 4 after seeding. A stage top incubator (Tokai Hit) 

was used to ensure optimal conditions for living cells during imaging. After 

imaging at day 4, the samples were stored in the incubator until day 9. Then, 

samples were embedded in a solution of Mowiol (Sigma) and DAPI (D 8417, 

Sigma) and covered with a coverslip. They were imaged in a fluorescence 

microscope (Keyence) with a DAPI excitation filter. Automatic cell counting of 

all images was performed with the “Spot Detection” feature of NIS-Elements 

Software (Nikon). The mean error of the automatic detection of cells was 

determined by manual cell counting of three samples on different days with the 

“Cell Counter” plugin in FIJI. Relative cell counts normalized to day 1 cell counts 

were calculated as ratio of cell count at current day to cell count at day 1 (i.e. a 

relative cell count of 1.5 at day x equals to 50 % increase in cell numbers 

relative to day 1). Furthermore, the mean value for the different samples were 

determined. 

3.2.2.3 SEM Preparation and Morphological Analysis 

For SEM visualization of SK-MEL-28 cells on nanoporous glasses and FLAT 

reference samples, 50 µL droplets containing ~ 625 cells were placed onto all 

samples and incubated for 4 h. Then, full culture medium was added to the 

dishes and samples were incubated for 12 h. After that, the samples were 

rinsed three times with warm and once with ice cold PBS (Sigma-Aldrich) for 

one minute. Subsequently, they were placed on ice and treated with 6 % 

glutaraldehyde (Sigma-Aldrich) in PBS (Sigma-Aldrich) for 30 minutes. Then 

the samples were stored in PBS (Sigma-Aldrich) on ice for five minutes three 
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times, medium was exchanged between steps. Afterwards, PBS was exchanged 

with distilled water at room temperature. Then water was replaced by acetone 

in five concentration steps: 15 min 30 % acetone, 20 min 50 % acetone, 30 min 

75 % acetone, 45 min 90 % acetone and 5 times for 30 min 100 % acetone. 

Finally, acetone was exchanged with CO2 by critical point drying in a pressure 

chamber at 7 °C by repeated sucking of acetone from the chamber and 

replacement by CO2. This was repeated 15 times before heating the chamber 

up to 40 °C over the critical point of CO2 (31 °C, 73.8 bar) to reach a final 

pressure of about 80 bar. Then the CO2 was slowly released from the chamber. 

After that, the samples were sputtered with platinum and analyzed in a 

scanning electron microscope (Supra 25, Zeiss). For morphological analysis, 

SEM micrographs of the cells on the different culture surfaces were used. Prior 

to analysis, the image magnification was normalized, single cells were cropped 

by hand in a detailed process and images were binarized. Cell morphology was 

then analyzed using the “Analyze Particle” tool in FIJI.  

 

3.2.3 Proliferation Studies on MDA-MB-231 Upon Paclitaxel Treatment 

3.2.3.1 Cell Culture 

MDA-MB-231 cells were cultured at standard conditions. The cell culture 

medium was “RPMI 1640 modified with GlutaMAX” (Gibco) with 10 % FCS 

(Bio&Shell). Medium exchange was performed at standard rates for cell culture 

(every 2-3 days). 

3.2.3.2 Paclitaxel Treatment Experiments 

Nanoporous glass samples with mean pore sizes of 17 nm, 26 nm, 46 nm, 81 nm 

and 124 nm and FLAT reference glasses were glued to glass sample holders for 

upside-down culture and autoclaved. Before cell seeding, the samples were 

pre-incubated for 15 min with PBS (Sigma-Aldrich) and for 30 min with cell 
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culture medium. The glass samples were seeded at a density of 

~ 30.000 cells cm-2 and incubated in an upright position for 24 h to enable 

complete adhesion of cells on all samples. Before the imaging was started, 

paclitaxel (LC Laboratories) was thawed and diluted in dimethyl sulfoxide 

(DMSO) (Sigma-Aldrich) and culture medium to a stock concentration 1 µM 

paclitaxel. For the long-term microscopy experiments, the samples were 

flipped into “μ-Dishes 50 mm” (ibidi GmbH) containing 1.5 mL of pre-warmed 

culture medium (upside-down culture). Then, 1.5 mL of additional cell culture 

medium was added to the samples in the “Control” group. For the “Treatment” 

group, 1.5 mL of the paclitaxel stock was added, giving a final paclitaxel 

concentration of 500 nM. After 3 h of incubation, the samples were placed in an 

incubation chamber (Tokai Hit) mounted on a florescence microscope 

(ECLIPSE Ti, Nikon), where they were kept for the duration of the experiment. 

For each sample, images of 12 positions were taken at time points 0 h, 24 h and 

48 h. For each timepoint and position, cells were counted manually and relative 

cell counts normalized to day 1 cell counts were calculated as ratio of cell count 

at current day to cell count at day 1 (i.e. a relative cell count of 1.5 at day x 

equals to 50 % increase in cell numbers relative to day 1). Furthermore, the 

mean value for the different samples were determined.  
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4. Results 

4.1 Physical properties of nanoporous glass membranes with 

different pore sizes 

To probe the influence of nanoporous glass on living cell behavior and to derive 

pore-size dependencies, we prepared membranes of different mean pore sizes. 

For a systematic investigation on the influence of nanoporous glass membranes’ 

pore sizes on living cells, we optimized the leaching and cooling process: We 

were able to fabricate reproducible, stable membranes of 16 x 16 x 0.25 mm in 

batches of up to 90 membranes per leaching step. The membranes could be 

readily autoclaved prior to cell culture. With increasing demixing temperature, 

the membranes become more opaque, indicating an increase in the pore size 

(Figure 26a). This macroscopic observation is confirmed in SEM 

measurements of the nanoporous glass surfaces, displaying a significant 

increase in the nanopore sizes with increasing demixing temperatures. The 

overall pore structure is conserved (Figure 26b). The pore size analysis of the 

porous nanoporous glass samples was performed on binarized and segmented 

SEM micrographs. We were able to robustly prepare nanoporous glass 

membranes with mean pore sizes between 17 and 124 nm and a mean 

thickness of only 250 µm (Figure 26c). As visible in the SEM micrographs, the 

overall pore structure is highly anisotropic, which is where the large deviations 

in the measurement of mean pore sizes originate from. The UV/VIS 

transmission spectra clearly display a broadening of the absorbed wavelength 

range with increasing mean pore sizes (Figure 26d). The characterization 

results display the expected trend: The nanoporous glass samples show an 

increasing pore size with higher demixing temperature. For 80 % SiO2 samples, 

two demixing temperatures were applied, yielding nanoporous glass 

membranes with mean pore sizes of 10 nm and 20 nm (Figure 31). 
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Figure 26: Characterization of nanoporous glass samples with 70 % SiO2 and different 
demixing temperatures. a) Photographies for macroscopic evaluation of samples treated 
at demixining temperatures 585 °C, 615 °C, 645 °C, 700 °C and 730 °C.  b) SEM 
micrographs of the nanoporous glass membranes from a). c) Mean pore sizes of samples 
treated at demixining temperatures 585 °C, 615 °C, 645 °C, 700 °C and 730 °C as 
calculated by DiameterJ with standard deviations (high deviations caused by anisotropic 
pore structure). d) UV-VIS transmission spectra of samples with mean pore sizes 17 nm, 
26 nm, 46 nm, 81 nm and 124 nm. 
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4.2 L929 mouse fibroblast proliferation on nanoporous 

glasses is pore size dependent 

To elucidate cell behavior on nanoporous glass membranes, we analyzed the 

proliferation of L929 cells under standard cell culture conditions. For this 

purpose, cells were seeded onto nanoporous glass membranes with four 

different mean pore sizes (17 nm, 45 nm, 81 nm, 124 nm) and two flat reference 

surfaces (FLAT / TCPS). Microscopy and cell counting was performed for days 

1, 2, 3, 4, 6, 7 and 10 after cell seeding (Figure 27a). On TCPS, proliferation 

started immediately, with a daily doubling rate of following days, cells on TCPS 

displayed the expected exponential proliferation behavior known from 

standard cell culture. Cell counting on TCPS had to be stopped at day 7 to 

ensure reliable cell counting results, which was not possible on the fully 

overgrown substrates. Cell proliferation on all of the glass samples, including 

FLAT, exhibited an initial proliferation delay during the first days of culture. 

While cells on the FLAT reference started to slightly proliferate after two days 

of culture, there was a delay in proliferation or a slight decrease in cell number 

on most nanoporous glass samples until day 4, indicated by negative cell 

doubling rates displaying a small degree of apoptosis. After this initial delay, 

cells started to proliferate steadily on the nanoporous glass samples with a 

clearly positive trend towards mean pore sizes above 80 nm, almost reaching 

the cell doubling rates of the reference samples (Figure 27b).  
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Figure 27: Analysis of the interaction of L929 mouse fibroblasts with nanoporous 
glass samples of different pore sizes (17 nm, 26 nm, 46 nm, 81 nm and 124 nm), 
compared to flat references (FLAT glass and TCPS). a) Exemplary fluorescence 
microscopy image series of one (out of 10 total) sites of analysis at different 
timepoints from day 1 to 10. Images show L929 GFP cells (green) on different 
substrates at different timepoints. b) Mean cell doubling rates for each timepoint at 
days 2, 3, 4, 7, and 10; brackets to connect the bar graphs with the corresponding 
image columns from a) . Cell doubling rates were calculated via an exponential 
function with mean cell counts at day 1 as reference points. c) Relative mRNA 
expression  after 48 h culture on the different pore size samples and FLAT glass, 
normed to TCPS expression. 
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4.3 Differential mRNA expression on different pore sizes – 

Elucidation of a cut-off pore size for attractive interaction 

mRNA expression of L929 cells seeded on nanoporous glass membranes with 

mean pore sizes of 17 nm, 26 nm, 45 nm, 81 nm and 124 nm and the two 

reference samples was analyzed by qRT-PCR after 48 h of culture – i.e. during 

the initial resting phase when the cells settle on the surface and explore their 

surroundings. Cells seeded on nanoporous glass membranes with mean pore 

sizes of 81 nm and 124 nm show an expression profile that is very similar to 

the FLAT reference that already started proliferating at this timepoint 

(Figure 27c). Even though the relative cell count is still slightly decreasing 

during the first days of culture, the induction of proliferation for cells on the 

81 nm and 124 nm samples is significantly increased compared to smaller pore 

sizes. This is visible in the increased expression of the proliferation-specific 

proteins (MKI67, MCM2). These findings indicate a more attractive initial cell-

substrate interaction compared to smaller pore samples, even though overall 

proliferation has not started yet after 48 h. In addition, genes that regulate 

other standard cell functions such as adhesion (FAK, ITGB1), matrix production 

(COL1A1, FN1) and contraction (ACTA2) were analyzed. The expression of 

ACTA2 on nanoporous glass membranes with larger nanopores is slightly 

reduced in comparison to the FLAT samples. Below 80 nm pore size, a drastic 

change in expression can be observed as there is a clear upregulation of FAK, 

while the other essential genes are dramatically downregulated, indicating 

reduced mean cell vitality. 
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4.4 Primary hMSCs proliferate readily on nanoporous 

glasses with different pore sizes 

Primary hMSCs were seeded onto nanoporous glasses of three different mean 

pore sizes (17 nm, 46 nm, 81 nm) and two flat reference samples (FLAT glass 

/ TCPS). Samples were fixated and stained with phalloidin at different 

timepoints. All samples exhibited good cell adhesion and proliferation, proven 

by increasing cell density and confluent cell sheets visible by eye. During the 

first days of culture on the nanoporous glass membranes, cell clustering was 

observed (Figure 28a). No more clusters were present after day 3, indicating 

thorough cell spreading. 

4.5 Chondrogenic differentiation is induced on glasses with 17 

nm mean pore size – Distinct differences in cytoskeletal 

ordering 

mRNA expression analysis was performed to identify any differentiation 

inducing effects of the nanoporous glass samples on primary hMSCs. For this 

purpose, mRNA was extracted at different timepoints, converted to cDNA and 

then analyzed by qPCR. For the sample with 17 nm pore size, we found distinct 

upregulations for some chondrogenic factors. In comparison to the controls, a 

clear increase in the cartilage-specific genes SOX9, COL2A1 and COL10 can be 

observed compared to FLAT and TCPS (Figure 28b and c). Phalloidin stainings 

of the hMSC actin cytoskeleton at different timepoints display that actin fiber 

alignment is much more pronounced on the 2D reference surfaces, while the 

actin cytoskeleton is rather disordered on the nanoporous glass samples ( 

Figure 32). 
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Figure 28: Analysis of the interaction of primary human mesenchymal stem cells 
(hMSCs) with nanoporous glass samples of different pore sizes (17 nm, 46 nm and 
81  nm) and flat references (FLAT glass and TCPS). a) Microscopy images of hMSC at 
different timepoints with actin cytoskeleton stained by phalloidin and DAPI stained 
nuclei. b) Heatmap of mRNA expression of chondrogenic biomarkers at different 
timepoints (7-12 d, 21 d and 28 d). c) Relative mRNA expression of chondrogenic 
markers at different timepoints (7-12 d, 21 d and 28 d), normed to the expression at the 
first timepoint on TCPS for each marker. 
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 Figure 29: Proliferation experiments of SK-MEL-28 on nanoporous glass samples of 
different pore sizes (10  nm and 20 nm) and FLAT glass references in upside down 
culture. a) Schematic illustration of cell seeding and culture. b) Initial cell counts after 3 h 
adhesion time and subsequent overnight upside down culture. c) Relative cell counts at 
days 1, 2, 3, 4 and 9 (logarithmic scale on the y axis). d) SEM micrographs of cells on 
different samples (10 nm and 20 nm mean pore size and FLAT) after 48 h of overhead 
culture. e) Schematic illustration of morphology on different samples (blue = FLAT, 
grey = nanoporous glass membrane). f) Mean morphological parameters on different 
samples, calculated from cropped and binarized cells from SEM micrographs. 
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4.6 Resisting Gravity: Short-term adhesion and proliferation 

studies of SK-MEL-28 reveal increased adhesion and cell 

spreading on nanoporous glass 

For the investigation of general cell adhesion and viability on nanoporous glass  

membranes  in  upside  down  culture, we  used  nanoporous  glass membranes 

with mean pore sizes of 10 nm and 20 nm with 80 % SiO2. 10 µL droplets of a 

cell suspension containing ~ 500 SK-MEL-28 melanoma cells were pipetted 

onto the nanoporous glass membranes and FLAT reference glasses. After 3 h of 

incubation to allow for slight adhesion, the samples were turned upside-down 

and cells were incubated under the influence of gravity, putting cell adhesion 

to the test. Microscopy and cell counting was performed for days 1, 2, 3, 4 and 

9 after seeding (Figure 29a). Strikingly, the initial adhesion of SK-MEL-28 cells 

is significantly increased on nanoporous glass, with 490 ± 18 cells (10 nm) and 

459 ± 27 cells (20 nm) versus 259 ± 32 cells on FLAT after 3 h adhesion time 

(Figure 29b). After the typical resting phase upon seeding on uncoated or non-

TCPS surfaces, the cells on nanoporous glass membranes proliferated very 

strongly even under the influence of gravity, growing to a mean relative cell 

count of 11.3 ± 2.0 on day 9 after seeding. In contrast, the number of cells on 

smooth glass surfaces steadily decreased to a mean relative cell count of 

0.17 ± 0.05 (Figure 29c). Additional morphological investigations carried out 

with binarized cell outlines from SEM micrographs (Figure 29d) revealed a 

significantly higher circularity and solidity for the cells on FLAT surfaces. This 

indicates a rather passive spreading process with a more circular morphology 

and less protrusions. Cells on nanoporous samples had more protrusions and 

an increased area, indicating an active spreading process with strong focal 

adhesions, clamping the cell body to the topographic surface under the 

influence of gravity in upside down culture. 
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4.7 Giving in to Gravity: Deadhesion of MDA-MB-231 Breast 

Cancer Cells upon Paclitaxel Treatment 

To further study the effect of differential cellular adhesion to nanoporous glass 

compared to the FLAT reference, the effect of a cytoskeleton-altering 

chemotherapeutic agent on MDA MB 231 breast cancer was investigated. Cells 

were seeded onto nanoporous glass membranes with different mean pore sizes 

(17 nm, 26 nm, 46 nm, 81 nm, 124 nm) and onto FLAT samples and were 

incubated for 24 h in order to achieve homogeneous cell colonization of all 

substrates. The samples were then cultured upside down (as previously 

described) for 48 h and divided in two groups: “Control” and “Paclitaxel”. The 

“Control” samples were cultured in normal culture medium, the “Paclitaxel” 

group was cultured with 500 nM paclitaxel in the culture medium. Paclitaxel 

blocks the dynamics of microtubules essential for maintaining focal adhesions. 

24 h into the experiment, all cells on “Control” samples are proliferating, except 

on the 17 nm sample. After 48 h of culture, proliferation has continued on the 

FLAT and 124 nm sample, while cell numbers only slightly increased on the 

other samples. In the “Paclitaxel” group, no distinct differences between 

samples can be observed after 24 h. After 48 h the relative cell count on all 

nanoporous samples decreases by ~ 35-55 %. The influence on the FLAT 

substrate is significantly lower, with a drop of ~ 5 % during the first 48 h 

(Figure 30).  
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5. Discussion 

For a systematic study of the pore size of nanoporous glass on cell behavior, 

glass membranes of different mean pore sizes were produced and 

characterized in order to test their applicability as a novel nanostructured 

topographic cell culture substrate. A membrane thickness of 250 µm was found 

suitable for robust handling, while thinner samples were more likely to break 

during the preparation process and in the lab. In comparison to thicker 

samples, 250 µm samples provided a sufficient optical transparency for basic 

microscopy tasks even for the macroscopically opaque samples. This 

opaqueness is caused by the typical coarsening and phase separation occurring 

during spinodal decomposition of such glass systems88. Opacity increased with 

the demixing temperatures, pointing towards increasing nanopore sizes. The 

UV/VIS measurements confirmed this assumption with decreased 

transmission for increasing demixing temperatures - the pores in the system 

act as a scatterer. This is in good accordance to the Mie-scattering theory, 

where the in-line transmission decreases at a defined wavelength, if the size of 

the scatterer increases. The cut-off wavelength for transmission increases with 

increasing size of the scatterer, i.e. with increasing mean pore sizes158,159. 

Figure 30: Proliferation experiments of MDA-MB-231 cells on nanoporous glass samples 
of different pore sizes (17 nm, 26 nm, 46 nm, 81 nm and 124 nm)  and FLAT glass 
references in upside down culture. Left side: Relative cell counts in control experiment 
(CONTROL). Right side: Relative cell counts under the influence of 500 nM Paclitaxel 
(PACLITAXEL). 
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We then investigated the interaction of living cells with nanoporous glass 

membranes by analyzing the proliferation of L929 mouse fibroblast cells, the 

standard cell line used for biocompatibility testing of novel materials. We used 

samples with four different mean pore sizes (17 nm, 45 nm, 81 nm, 124 nm) 

under standard cell culture conditions, and FLAT glass samples and TCPS as 

controls. As the “gold standard” commercial product for cell behavior studies, 

TCPS surfaces are optimized for immediate protein adsorption by surface 

treatment, facilitating initial cell adhesion and proliferation160. The TCPS 

samples exhibited the expected exponential cell proliferation known from 

conventional cell culture. On the FLAT glass reference, cell proliferation starts 

after the second day. Compared to TCPS, proliferation is significantly reduced 

on FLAT, due to the fact that protein adsorption is signifiacntly decreased on 

non-treated glass161. While proteins from the culture medium can still form a 

uniform, but less dense layer on the FLAT samples, the protein layer adsorbed 

at the adhesion surface of the nanoporous samples is interrupted by the pores. 

Thus, surface protein density at the nanoscale is radically reduced, inhibiting 

cell spreading and cell proferation during the first days of culture. After this 

initial delay, the proliferation rate constantly increases to near-exponential 

rates for cells on mean pore sizes > 80 nm until confluence. As fibroblasts are 

matrix-producing cells that can modify their environment162, this effect can be 

ascribed to ongoing matrix secretion by the cells, remodeling the adhesion 

surface bit by bit – in our study, depending on the pore size of the substrate. In 

general, larger nanopore sizes (> 80 nm) show a positive influence on cell 

proliferation, as displayed in the larger increase of the relative cell numbers on 

nanoporous glass membranes with pore sizes of 124 nm and 81 nm. This clear 

trend points towards a systematic mechanism for L929 fibroblast adhesion and 

proliferation on nanoporous glass, indicating a proliferation mechanism and –

rate that is closer to the in vivo situation than on flat substrates151. It is widely 

known that cells can perceive the nanoroughness of a surface and that 

mechanical and topographical properties influence the adhesion and migration 
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behavior of cells. Cells probe surface features with mechanosensitive elements 

consisting of actin, myosin, paxillin or filopodia55,163. In fact, cell proliferation 

can be strongly influenced by the (nano)structure of a cell’s direct vicinity  and 

the substrate topography164,165. Cell proliferation in a lot of cell types is 

diminished on surfaces exhibiting nanotopographical stimuli163,166–168. For 

example, corneal epithelial cells cultured on nanogrooves mimicking the 

diameter of collagen fibrils in the corneal stroma exhibited reduced 

proliferation163. Altering the nanoscale roughness by just a few nanometers can 

have a distinct influence on cell proliferation, highlighting living cells’ 

sensitivity to topographic cues that are one million times smaller than their 

diameter169,170. Milner et al. demonstrated the influence of nanoarchitecture by 

investigating the proliferation of human fibroblasts on PLLA substrates with 

randomized nanoscale bumps or nanoislands: The cultures maintained 

significantly lower densities and lower rates of proliferation on patterns with 

features > 200 nm. Continued reduction of feature sizes eliminated the 

discrepancy between nanotextured and flat substrates with respect to cell 

proliferation171. A cut-off size for cell proliferation was also found for human 

HepG2 cells seeded on nanoporous aluminum surfaces with pore sizes of 40 nm 

and 270 nm: On the larger pores, cell adhesion and proliferation was much 

better than on the smaller pores172. Two studies on surfaces modified with gold 

nanodot patterns of different nano-spacings showed results on the integrin 

clustering at the surface: There is a distinct turnover of adhesion strengths for 

fibroblasts in the range between 50 and 70 nm for these surfaces173. With 

spacings < 70 nm, the adhesion is highly increased, even for very short 

adhesion times < 10 min174. These results point to a cell-type specific influence 

of nanoscale topographies on cellular adhesion and proliferation behavior. In 

agreement to that, our study showed that there is a cut-off size for the 

proliferation of L929 fibroblast cells on nanoporous glass that could also be 

fostered for cell cultures that need diminished proliferation rates, e.g. to better 

reflect in vivo proliferation rates in long-term experiments150,175. 
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The immediate influence of nanoporous glass on L929 fibroblast cell functions 

was further investigated in real time PCR experiments. The mRNA expression 

patterns of L929 cells after 48 h of culture on all samples further elucidate the 

underlying mechanism of the initial cell reaction to the different substrates. 

After two days on the respective culture surfaces, two different main types of 

expression profiles on the nanoporous samples could be distinguished: The 

mRNA profiles on the three small (17 nm / 26 nm / 46 nm) and on the two 

larger nanopore samples (81 nm / 124 nm) each show a similar pattern. This 

indicates a transition of cell behavior for adhesion on smaller versus larger 

nanopores. On smaller nanopores, the expression of most proteins that play 

crucial roles in healthy cells was strongly down-regulated after 48 h of culture. 

This is in good accordance with the trends observed in the L929 proliferation 

experiments. Additionally, the resemblance of the expression patterns of the 

larger nanopore samples and the FLAT sample is striking, proving the general 

cell reaction to the material glass. Taking a closer look at the mRNA expression, 

the decreased expression of KI67 and MCM2 after 48 h concurrently underlines 

the diminished proliferation rates on nanoporous glass during the first days of 

exploring and remodeling the adhesion surface by matrix production. A more 

and more natural protein layer on the surface, produced by the cells, could then 

facilitate cell adhesion and proliferation on the nanoporous samples in the 

subsequent days. The production of ECM molecules like collagen and 

fibronectin by L929 cells is described in studies on collagen-PLLA hybrid 

nanopore structures secrete ECM-like structures on the surface, where a 

similar trend towards larger nanopores was found176. In our experiments, the 

expression of ACTA2 is reduced on larger pores, indicating less tension inside 

the cell caused by decreased cellular contraction. An overall reduced 

cytoskeletal elongation and contraction can have a decisive effect on other cell 

functions such as intracellular transport136, which can then take place in a more 

physiological way inside cells that are not artificially contracted by stretching 

across a surface lacking topographic stimuli. Below 80 nm pore size, another 
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drastic change in expression can be observed: A peak for FAK (Focal Adhesion 

Kinase) is clearly visible, which, together with a lower proliferation for small 

pores, indicates that a large portion of cells on those samples has a tendency 

towards anoikis - programmed cell death due to poor cell-substrate 

adhesion177,178. Thus, we assume that the up-regulation of FAK is due to the fact 

that the majority of cells on the smaller nanopores are fighting against anoikis: 

This could be caused by a lack of properly sized “adhesion-islands” inbetween 

the pores a high percentage of initially initiated adhesions might be retracted 

due to a lack of available surface area and should be further examined by high-

resolution microscopy in future studies. On samples with larger pores, they are 

already producing ECM molecules and start to proliferate. After 4 days of delay, 

sufficient surface remodeling has occurred on the smaller porous samples and 

proliferation slowly begins.  

Furthermore, the nanoporous glass membranes were analyzed for their 

interaction with primary hMSCs. This specific cell type is a very promising 

candidate for translation research in tissue engineering due to its 

differentiation potential. The cell clustering observed during the first days of 

culture on nanoporous glasses indicates a diminished initial cell adhesion on 

the uncoated, rough surfaces, where cell-cell contacts are preferred. After three 

days of culture, no clustering is observed, cells have fully spread onto the 

surface. An overall good proliferation could be observed on all surfaces, 

indicating the suitability of nanoporous glass for the robust expansion of 

mesenchymal stem cells. This fits well with the findings of a study on the 

interaction of osteogenic cells with nanoporous titanium surfaces with mean 

pore diameters of ~ 20 nm, where an overall increased adhesion and 

upregulations of adhesive genes were found179. In our mRNA expression 

experiments on hMSCs, a trend towards chondrogenic differentiation could be 

observed for nanoporous glass membranes during the first two weeks of 

culture, most pronounced for samples with a mean pore size of 17 nm. This 

manifested in the increased expression of COL10, COL2A1 and SOX9, which are 
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all key players in chondrogenic differentiation180. Especially COL2A1 and SOX9 

are characteristic for immature chondrocytes181, potentially indicating early 

chondrogenic differentiation states after 7-12 days of culture. The rather 

disordered actin organized on nanoporous samples could also point towards a 

trend for chondrogenic differentiation. A material-intrinsic differentiation 

effect, without external stimulation, is a very promising result and has the 

potential to controllably modulate stem cell fate182. The overexpression of 

COL10 might point to a bias towards hypertrophic differentiation, an effect that 

could be fostered for the buildup of models for osteochondral ossification on 

nanoporous membranes183. These first results for hMSC interaction with 

nanoporous glass membranes presented in our study indicate that cell 

differentiation could be induced by these surfaces without any further media 

supplements. Furthermore, standard differentiation experiments could be 

sped up by surfaces that facilitate proliferation184.  

In the short-term cell adhesion and proliferation experiments with SK-MEL-28 

melanoma cells, the quick adhesion to the nanoporous glass surface proves the 

nanoporous glass membranes’ function as a nanotopographical, three-

dimensional environment for cell adhesion. In contrast to the FLAT glass 

surfaces, cells on nanoporous glass resist the gravitational force after only 3 h 

of adhesion time. The initial cell adhesion on the FLAT samples is decreased by 

47 %, indicating diminished initial adhesion. In the first four days of upside 

down culture, the constant relative cell number on the nanoporous glass 

surfaces is an indicator for the fact that cells on the nanoporous surfaces 

perceive the gravitational force and that their proliferative behavior is 

influenced by their struggle for adhesion. However, cell numbers on the 

nanoporous surfaces did not decrease during the first days of upside down 

culture while there was a progressing decrease on FLAT samples. While a 

diminished, but still measurable proliferation could have been attributed to 

lower cell density caused by the 47 % lower initial cell count, the absence of 

proliferation displays that the cells are losing their struggle for adhesion and 
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detach from the surface. The subsequent constant proliferation on the 

nanoporous glass membranes in contrast to the continuous decay of the 

relative cell number on the smooth glass surfaces strengthens the hypothesis 

of positive cell-material interaction: The nanoporous glass surface supports 

cell adhesion by its inherent nanoscale surface topography. Thus, the cells 

perceive the nanoporous surfaces as a 3D environment, enabling increased 

initial cell adhesion by nano-sized topographic stimuli that facilitate the quick 

manifestation of focal adhesions at the surface after only 3 h of adhesion. This 

leads to the conclusion that for strongly adherent cells like SK-MEL-28, a 

nanoporous glass surface – presenting topographic stimuli for filopodia 

stabilization – is much closer to their natural environment in the human body 

than smooth 2D surfaces. This result is strengthened by the morphological 

findings, displaying increased protrusive activity and an increased area on 

nanoporous glass membranes. This points to an active adhesion mechanism 

with strong focal adhesions that can resist the gravitational force and keep the 

cells in place. Furthermore, cells also undergo extensive proliferation on the 

nanoporous glass membranes. Thus, they manage to partly deadhere, divide 

and spread on the surface again during the process of mitosis, proving that cells 

not only adhere but perform their normal function in 3D topographic 

environments. This is also confirmed in other studies, e.g. it was shown that 

osteoblast-like SaOS-2 cells adhere much better to titanium surfaces with 

0.5 µm and 2.0 µm pores than on flat reference surfaces after an equally short 

incubation time of 1-2 h185. In a study on nanoporous anodic aluminium oxide 

with a similar anisotropic surface structure, Poinern et al. found an overall 

good cell adhesion and slightly increased proliferation for the Vera cell line186. 

In our experiment, the nanoporous membranes facilitate initial cell adhesion 

without additional functionalization/coating, indicating a 3D scaffold effect 

and an altered adhesion mechanism compared to flat surfaces. 

The effect of differential adhesion on nanoporous and flat glass was further 

examined in a functional drug assay, utilizing one of the most common cell lines 
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for breast cancer and the prominent anti-cancer drug paclitaxel. The aim of this 

assay was to find a quick test for having a distinct effect of a drug on a specific 

cell function. An assay that gives quick outputs for drug effects on patient cells 

could speed up drug screening in personalized medicine, e.g. to find a suitable 

drug for a specific patient and cancer type. We probed this in an adhesion assay 

with MDA-MB-231 breast cancer cells that were treated with paclitaxel in 

upside down culture. Paclitaxel is an active agent that inhibits the disassembly 

of microtubules. These play a crucial role in diverse vital processes like the 

chromosome separation during mitosis, adhesion and focal adhesion 

disassembly187. Microtubule-inhibiting agents are particularly effective in fast 

dividing cells like cancer cells and are often used for the treatment of breast 

cancer. Paclitaxel can lead to a dwelling during mitosis due to a mitotic spindle 

stabilization, followed by apoptosis. Alternatively, it can induce a mitotic block 

that leads to multipolar cell division and subsequent apoptosis of the daughter 

cells with reduced chromosome number. Cells on nanoporous glass and FLAT 

surfaces were pre-incubated for 24 h under standard cell culture conditions 

(standard procedures, upright cell culture) and then cultured upside down. At 

this timepoint, all samples exhibited normal, comparable cell densities with 

spread cells, indicating a good starting point for the assay. For nanoporous 

surfaces, we observed a pore size independent drop in the relative cell numbers 

48 h after 500 nM paclitaxel was added to the medium, while cell numbers on 

the FLAT surface were almost constant. This indicates an altered cellular 

adhesion mechanism on the porous glass substrates that seems to be highly 

dependent on microtubule dynamics. While proliferation is highly diminished 

or even stopped on all samples, a high number of cells detaches from 

nanoporous samples while cells on FLAT samples remain adherent. In a 

recently published study, we found that the microtubule-diminishing drug 

Benomyl has a similar effect on the adhesion on amoeboid cells of 

Dictyostelium discoideum to nanostructured SiO2 fibers: Upon drug treatment, 

almost all of the cells deadhere from the nanostructured fibers, adhesion to flat 
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glass is persisting188. These findings indicate a suitability of these nanoporous 

substrates for the quick detection of active substances that interfere with 

cytoskeletal and adhesion processes. This or similar effects found in future 

studies could be fostered for clinical application, e.g. in personalized cancer 

treatments to see if a specific patient’s cancer cells respond differently to a set 

of potential drugs or drug combinations. 

6. Conclusions 

We have shown that nanoporous glass membranes are a bioactive material that 

provides an adhesion surface for various cell types from pathologic and from 

healthy human tissue. Our pioneering study targeted the identification of 

potential effects of nanoporous glass surfaces on different murine and human 

cell types, for both cell lines and primary cells. We were able to identify cell-

type specific effects of certain nanoporous glass membranes within our specific 

experimental setups. Future studies should aim at confirming these findings for 

other cell types, identifying differences in cell behavior and broadening the 

knowledge on cell behavior in different experimental setups.  

We found differential adhesion characteristics and modulation of gene 

expression in L929 fibroblasts, just by changing the pore size, which points 

towards a direct influence of the pore size on nanoscale cellular processes: 

Glass with a mean pore size above 80 nm can serve as a macroscopically flat, 

but intrinsically nanostructured topographic surface for cell culture 

applications even without additional bio-functionalization. The change in gene 

expression for L929 and hMSCs as a function of pore size implies a cell-specific 

cut-off pore size for a positive cell adhesion effect. In future studies, the 

bioactivity of the nanoporous glass samples could be further tailored towards 

a positive or negative interaction with specific cell types by varying the pore 

sizes or introduction of surface functionalization or coating. Potential effects 

on differentiation, as observed in the trend towards chondrogenic lineage for 
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hMSCs on nanoporous glass membranes with 17 nm mean pore size, might 

enable various future applications for nanoporous glass membranes in hMSC 

research and tissue engineering. Additionally, a strongly increased adhesion 

and proliferation of SK-MEL-28 cells on nanoporous glass compared to flat 

glass references in upside down culture was identified. This underlines that 

nanoporous glass membranes are suitable for use in 3D cell culture vessels or 

bioreactors   with cell adhesion to all surfaces in 3D. The material can provide 

cell adhesion while still allowing constant perfusion for nutrient flow and cell-

cell signalling. Finally, paclitaxel treatment of MDA MB 231 breast cancer cells 

shows more rapid effects on nanoporous glass membranes in upside down 

culture compared to FLAT glass references, with strongly diminished cell 

adhesion and proliferation after only 48 h. Drug assays and the development of 

personalized treatments could be sped up by fostering this differential cell 

adhesion effect on nanoporous glass membranes. Furthermore, complex 

functional assays, including microfluidics and other stimuli, could benefit from 

a more physiological cell behavior and proliferation rate on nanoporous glass 

surfaces.  

We conclude that nanoporous glass membranes present nanoscale cues that 

act as bioactive triggers to influence cellular cascades for the regulation of cell 

functions. This proves the suitability of the substrates as a functional cell 

culture surface. Our findings underline the versatile application potential of 

nanoporous glass membranes for cell culture. Deepening the understanding of 

our findings can can lead to new approaches for existing needs in both science 

and the biotechnical and biomedical industry. 
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7.3 Supporting Information 

 

 
Figure 31: SEM micrographs of nanoporous glass samples with 80 % SiO2 and different 
demixing temperatures. 
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Figure 32: Microscopy images of hMSC at different timepoints with actin cytoskeleton 
stained by phalloidin and DAPI stained nuclei. 
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VI. DISCUSSION & CONCLUSION 
 

1. Discussion 

This thesis investigated cell behavior in reaction to different material surfaces. 

Three distinct studies yielded valuable contributions to better understanding 

the interaction of living cells with three different types of surface features 

ranging from micron- to nanoscale: 

1. Controlled microtopographies made of PDMS micropillars 

(Chapter III) 

2. Intrinsically nanostructured silica fibers (Chapter IV) 

3. Nanoporous glass membranes (Chapter V) 

Each of the studies led to the identification of distinct effects of the respective 

topographies on cell behavior that can be further investigated in future 

research or be directly moved towards application development. In addition to 

the detailed discussions within Chapters III-V, this chapter will discuss how the 

findings can be extended, e.g. to other cell types and how combined approaches 

of the different findings/setups could be utilized for more realistic cell assays.  
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1.1 Findings on Amoeboid Cell Behavior 

The investigation of amoeboid cell migration inside controlled PDMS 

microtopographies yielded the following findings for the different 

topographies:  

High density pillar regions 

• A distinct tendency towards directed pillar-to-pillar runs was observed, 

which means that pillars are sensed as attractive stimuli for migrating 

cells.  

• In addition, we found an inhibition of cell motility for cells in random 

probing states, which means that pillars are obstacles for cells in 

random probing states. 

Gradient density pillar fields 

• Amoeboid cell migration displays a trend towards regimes of inter-

pillar spacing close to the cell diameter. 

Locally anisotropic pillar fields 

• Amoeboid cell motility is clearly diminished due to a lack of attractive 

migration stimuli in the vicinity of the cell. 

The main findings for amoeboid cell behavior on intrinsically nanostructured 

silica fibers are: 

Cell Migration 

• Highly increased motility on silica fibers compared to flat glass. 

• On silica fibers, Myosin II null mutants were as active as cells with 

myosin II. Motility of cells lacking myosin II was greatly hindered on 

plain glass, which leads to the conclusion that cell migration on 
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instrinsically nanostructured silica fibers is driven by a different 

migration mechanism than on flat glass.  

Cell adhesion 

• Amoeboid cells detached from the fibers after deprivation of 

mictotubules by adding an active agent.  

• In contrast, amoeboid cells on flat glass remained adherent, elucidating 

the fact that amoeboid cell adhesion on nanostructured silica fibers is 

mediated by a different molecular mechanism than on flat glass. 

In follow-up studies, these distinct effects of micropillar and nanostructured 

topographies on amoeboid cell migration should be extended towards human 

cell types exhibiting amoeboid behavior. If only some of these effects can be 

confirmed there, they could be fostered for novel applications that could better 

resemble physiological conditions. The potential translation of results from 

D. discoideum amoeboid cells and human amoeboid cells has been shown 

already: In an interesting study, Sun et al. found that directed cell migration can 

be triggered by local nano- and microtopographical gradients for amoeboid 

migration in both D. discoideum and human neutrophils189. Further analysis 

revealed that this effect is based on the propagation of intracellular actin 

waves, an effect that has been investigated and established in 

D. discoideum66,190–192, e.g. by Driscoll et al.: They probed directed migration of 

D. discoideum on PDMS surfaces exhibiting periodically spaced nanoridges and 

found increased directed migration parallel to the ridges. In addition, they 

observed that actin polymerization waves are facilitated by the surface 

topography, where they can propagate in a directed manner. Thus, they 

concluded that this contact guidance effect is caused by oscillatory shape 

dynamics135. Interestingly, this is a very active field of research at the moment 

also for other cell types193.  
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Another focus of further research on this topic should point towards the 

potentially microtubule and actin foci based mechanisms of migration and 

adhesion on the intrinsically nanostructured silica fibers that greatly differs 

from the flat glass substrates. If the underlying biochemical pathways and the 

resulting biophysical mechanism can be elucidated, this could be fostered in 

potential applications. 

In future studies, the investigated features (micropillars and nanostructured 

surfaces) could be combined in order to systematically evaluate possibilities to 

achieve even more pronounced effects on amoeboid migration and the 

behavior of mammalian cells. With increasing availability of micro- and 

nanofabrication techniques, more and more defined surface features can be 

realized152. For example, it has been shown that the combination of three 

different PDMS microscale features (holes, pillars, and grooves) on one 

substrate led to distinct changes in the morphology and adhesion behavior of 

hMSCs with a stabilization in cell sheet formation and an increase in osteogenic 

marker expression and calcification. Samples with two different cues (holes 

and pillars) showed a less pronounced trend, but still had elevated levels of 

ALP compared to a flat sample194.  

Furthermore, functional studies probing the modulation abilities of silica fiber 

fleeces on the immune response should be carried out to further elucidate their 

distinct effect on wound healing. In addition, future investigations should also 

concentrate on the interaction of silica fibers with other cell types that 

contribute to wound healing. For example, keratinocytes in ulcers (non-healing 

wounds) are proliferative, but do not migrate, while in acute, normal wound 

healing, there are more non-proliferative, migrating keratinocytes195. Thus, 

migration induction by nanostructured silica fibers could potentially facilitate 

the healing of ulcers. A first clinical study has shown that the fiber material is a 

well-tolerated biomaterial in wound healing, but did not show increased 

healing compared to the standard-of-care196. Thus, it could be used as a carrier 
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material to support healing by controlled release of drugs or growth factors, as 

shown in a study by Czuryszkiewicz et al. in 2002197. In a publication by 

Grotheer et al. on the same fiber material as in this thesis, no negative effect on 

in vivo wound healing in a porcine wound model could be seen. The fiber 

fleeces used in the study were fully biodegradable and wound closure was 

normal, underlining the good biocompatibility of the fiber material. 

Interestingly, they could show a distinct reduction in inflammation, fibrosis, 

and keratinocyte proliferation198. This study is in good accordance with general 

findings and hypotheses on the therapeutic effects of orthosilic acid, which is 

the major form of bioavailable silicon for humans and also the major 

dissolution product of the silica fibers198. With a mean diameter of 60 ± 20 µm, 

they are also suitable for fibroblast adhesion, as the minimum fiber diameter is 

~10 µm. Below this limit, fibroblasts in a study carried out on PLLA fibers 

simply detached from the fibers199. The authors of the mentioned publication 

also suggested to include nanostructures at the fiber surfaces for future 

investigations, a feature that is intrinsically given by bio-degradation for the 

fiber material used in this work. In preliminary studies, we have already shown 

that fibroblasts in a wounded skin model show good adhesion to the silica 

fibers after 5 days of culture. 
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1.2 Findings on Mammalian Cell Behavior on Nanoporous 

Glass 

In Chapter V, this thesis presented the first systematic study on the interaction 

of mammalian cells with nanoporous glass membranes. The summarized 

findings of this work are: 

L929 Fibroblasts 

1. After initial delay, we observed an almost exponential cell proliferation 

of L929 cells on nanoporous glass, with a positive trend for mean pore 

sizes > 80 nm. 

2. Gene expression profiles of L929 cells confirmed these trends, with a 

distinct difference in profiles below or above 80 nm mean pore size. 

Human Mesenchymal Stem Cells (hMSCs) 

1. hMSCs proliferate well on all nanoporous glasses. 

2. In addition, there is a trend towards upregulation of chondrogenic 

genes by 17 nm mean pore size glasses. 

SK-MEL-28 

1. Nanoporous glass membranes present a 3D topographic surface that 

enables cells to adhere against the influence of gravity after only 3 h of 

adhesion time. 

2. Cell adhesion & proliferation on flat glass is highly diminished under the 

influence of gravity. 

MDA-MB-321  

1. Paclitaxel treatment of MDA-MB-231 breast cancer cells shows more 

rapid effects on nanoporous glass membranes in upside down culture. 
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An additional, practical outcome of this work is a process for the fabrication of 

uniform batches of nanoporous glass membranes that can be used in cell 

culture. The sample size (16 mm × 16 mm × 250 µm) was defined to perfectly 

fit into 6-well plates for the conduction of pre-screening studies. In many 

preliminary experiments, we established protocols for the effective leaching, 

washing, and sterilization of the nanoporous glass membranes to make them 

ready for cell culture. On the material side, future studies could focus on further 

reducing the sample sizes to enable larger screening studies in 24-, 48-, or even 

96-well plates. 

To this point, there is only one other study on the effects of nanoporous glass 

membranes as cell culture substrates by Jones et al. that investigated 

microporous bioglass scaffolds for bone regeneration that had an inherent 

nanoporosity. They found that the interconnected mesopore system of 2-50 nm 

pore sized increased the adhesion of osteoprogenitor cells200. As they used a 

completely different material system and synthesis process, this is not 

comparable to our study. This is why the literature discussion will review 

similar surfaces and studies in addition to the discussion in the publication. 

The tendency for increased attractive interaction for mean pore sizes above 

80 nm could be explained by the findings of Patla et al: For the rat fibroblast 

cell line REF52, they identified that the spacing of focal adhesion integrin 

complexes is ~45 nm while single adhesion sites are ~25 nm in diameter201. 

This is in the range of the “adhesion islands” of nanoporous glass that are 

separated by the nanopores, while they are often smaller than this range for 

smaller nanoporous samples. This could be a good dimensional fit in 

comparison to the results of the described study. A publication by Poole et al 

points in the same direction: They compared fibroblast motility and alignment 

on collagen-coated surfaces with and without the physiological D-periodic 

banding of 67 nm. Only on the surfaces that exhibited the characteristic 

collagen periodicity that is present in the human body, fibroblasts showed 
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directed motility and cell body alignment202. On nanogrooved surfaces, human 

vein endothelial cells (HUVEC) cells show diminished expression of cell cycle 

and extracellular matrix proteins203. In another study with HUVEC cells, 

Muhammad et al. observed enhanced proliferation on TiO2 surfaces with 

nanogratings of ~70 nm, while smooth muscle cells (SMC) displayed a 

decreased proliferation on the same surfaces204. 

Like shown in this thesis, there are many other examples that point towards an 

influence of nanoscale surface features on stem cell behavior: In fact, stem cell 

behavior can be influenced in specific ways by nano- and microstructured 

materials205–207. As MSCs are adherent cells, they directly interact with the 

topography and chemistry of their substrate by membrane proteins. This 

influences the concentrations of lineage-specific metabolites inside the cell, 

increasing the differentiation potential into specific directions208. In addition to 

surface topographic cues themselves, the degree of topography order can play 

an important role in differentiation processes209,210. 

In several experiments on the influence of micro- vs. nanoscale silicon pillar 

topographies on the behavior of rat MSCs compared to flat surfaces, 

Brammer et al. elucidated that the nanosized cues had a significantly higher 

impact on cell adhesion and growth. MSCs on the nanopillar surfaces were less 

spread than on micropillar and flat surfaces, pointing towards a distinct change 

in the adhesion mechanism for nanopillars. Furthermore, osteogenic 

differentiation was induced by the nanoscale topographical cues and an 

increased mineralization could be measured211. In another study, Lavenus et al. 

found that for mesenchymal stem cells cultured on titanium surfaces with 

nanopores of 30 nm and 150 nm, osteogenic differentiation is induced, 

indicated by the increased expression of ALP, COL1A1, RUNX2, BSP, and OCN. 

For the 30 nm pores, a more branched morphology of hMSCs was observed212. 

Oh et al. showed that hMSCs cultured on Ti nanotubes showed higher initial cell 

numbers an increased tendency for osteogenic differentiation on 
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nanotubular/nanoporous surfaces of 30 nm, 70 nm, and 100 nm average 

poresize. For pore sizes < 70 nm, a 10-fold increase in cell elongation could be 

observed, leading to increased cytoskeletal stress. This activated 

mechanotransductive pathways that lead to differentiation into osteoblast-like 

cells.213 In contrast, Zhao et al. did not observe increased initial cell adhesion 

for hMSCs on titania nanopores, showing the need to be cautious with results 

from a single study214,215. In their study from 2012, they saw a slightly 

diminished hMSC proliferation during the first day, which corresponds to the 

findings in this work for all proliferation studies on nanoporous glass 

membranes. For all nanoporous samples, they saw upregulations of osteogenic 

genes215. 

In good accordance with our findings for the overhead culture of SK-MEL-28 

melanoma cells, a study on initial cell adhesion on porous silicon surfaces 

concludes that nanoporous silicon surfaces with an average pore sizes of 36 nm 

provide anchoring points for filopodia growth. They found that the 

nanotopographies act as a support for cell attachment, development and 

migration in stem cells and the breast cancer cell line MCF-7216. The fact that 

there is a systematic, pore-size dependent interaction with nanoscale features 

in mammalian cells is also underlined by a study of Dalby et al.: Utilizing 

polymer demixing, they prepared micro-islands with a controlled height of 

27 nm on flat surfaces and investigated the behavior of fibroblasts. They 

observed increased initial and long-term adhesion on the surfaces exhibiting 

nanoscale features217. Similar findings were reported in a study published by 

Cai et al., who investigated osteoblast viability and proliferation on titanium 

surfaces with different nanoscale surface roughness218.  
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2. Conclusion & Outlook 

If the effects found for amoeboid cell migration in this work can be confirmed 

for human immune cells, this may be fostered for the buildup of a novel type of 

bioactive wound implants. For instance, utilizing the effect of the intrinsically 

nanostructured fiber surfaces could enable immune cells to immigrate the 

wound site faster and accelerate the immune response in all three dimensions. 

This increased immigration of immune cells could also help to dampen the 

overall immune response and, thus, reduce the cytotoxicity of the wound site 

to promote tissue regeneration instead of scar formation41,148. 

Additionally, combinations of different stimuli could enhance the effects found 

for the three different topographies investigated here. For example, micropillar 

arrays of nanoporous glass could in the future be manufactured via Fe-based 

glass 3D printing, which is already possible at larger scales219. This approach of 

hierarchically structured topographies at the micro- and nanoscale has been 

shown to strengthen individual adhesion sites220. And even more interesting, 

hierarchically structured nanoporous glass substrates could not only be used 

for migratory studies, but also for hMSC applications: For example, it was 

shown that a combination of micron- (~1–2 µm) and meso-scale 

(~100-1000 µm) topographic features influences hMSC morphology and also 

organizes neo-tissue formation by aligning the fibrillar collagen produced by 

hMSCs221. Thus, the hierarchical combination of topographic stimuli could yield 

next generation bioactive substrates that combine different bioactive stimuli.  

Additionally, surface functionalization and wettability can have a great 

influence on adsorbed proteins and cell adhesion222. The observed effects on 

cell behavior could be further enhanced by surface modification, which could 

easily be performed on both the silica fibers and the nanoporous glass 

membranes via silanization processes. For example, positively charged amino 

groups at the surface can improve MSC adhesion and induce osteogenic 

differentiation, while carboxy surface functionalization leads to more rounded 
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cells that show a trend towards chondrogenic differentiation223. In a study 

combining surface topography and functionalization, Kafi et al. showed that 

nanopillars fabricated of RGD oligopeptides enhanced cell functions of several 

cell lines compared to surfaces with 2D nanodots and a flat surface made of the 

same material224. 

Besides the adherent tissue cell types that are typically tested in studies on 

biocompatible or bioactive materials, it is extremely important to have the 

overall complexity of physiological systems in mind and to steadily increase the 

complexity of the models and assays used. A systematic investigation on the 

response of specific cell types to specific material surfaces will contribute to 

the elucidation of an increasing number of details on cell-material interaction, 

but it cannot reflect physiological situations. Thus, it is of utmost importance 

to develop more and more complex test models for “functional units” inside the 

body. Steps towards this are on the way, e.g. by including cells from the immune 

system: In a recently published study on the cell response to nanoporous 

microstructures, Chen et al. report that activated macrophages cultured on 

their nanoporous surfaces showed anti-inflammatory effects compared to 

macrophages cultured on flat surfaces. They showed a more spread 

morphology and an increased expression of important autophagy pathway 

components. Furthermore, for macrophages cultured on surfaces with pore 

sizes of 50 nm and 100 nm had more than 2-fold increases in the release of the 

osteogenic factors (BMP2, BMP6, WNT10b), pointing towards a differentiation-

regulating function of macrophages. When rat bone marrow stem cells 

(rBMSCs) were cultured on the same surfaces, osteogenic differentiation was 

promoted when a medium conditioned by macrophages on 50 nm surfaces was 

used.225 The importance of topographies on macrophage response was also 

highlighted in a study carried out by Ghrebi et al., where macrophages were 

cultured on different surfaces exhibiting a micro-topography. They also found 

an increased activation of macrophages on structured surfaces, accompanied 

by a more spread cell morphology226. Bota et al. could show that expanded 
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PTFE materials exhibiting microtopographies decreased the thickness of 

fibrous capsules in wound healing in vivo and distinct differences in the release 

of inflammatory cytokines from macrophages in vitro227. Including 

macrophages can also be beneficial for the build-up of more realistic in vitro 

tumor models to study the effect of novel drugs228.  

An interesting approach for future studies could also be the partial in-situ 

leaching of nanoporous glasses in cell culture: Ionic dissolution products from 

inorganic materials can provoke specific cell responses.229 Thus, scaffolds or 

culture substrates made of only partially leached out nanoporous glass that is 

doped with defined inorganic trace elements could induce specific cellular 

pathways. 

To draw a conclusion, the studies presented in this work showed novel and 

distinct effects of micro- and nanoscale topographies on the behavior of various 

types of living cells. These examples display how versatile the potential for 

applications of bioactive materials could become in the next years and decades. 

And yet this variety of different alterations of cell functions due to topographic 

cues also shows the crucial part of this field of research: Carving out distinct, 

robust correlations of external cues and cell behavior is of utmost importance 

to derive definitive design implications that can lead to scientifically, clinically 

and commercially successful products. 
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VII. ADDENDUM 

 

This chapter was published as a mini-review as 

“Challenges in tissue engineering – towards cell control inside artificial 

scaffolds” 

by Martin Emmert, Patrick Witzel and Doris Heinrich  

in Soft Matter, 2016, 12, 4287–4294  
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1. Abstract 

Control of living cells is vital for the survival of organisms. Each cell inside an 

organism is exposed to diverse external mechano-chemical cues, all 

coordinated in a spatio-temporal pattern triggering individual cell functions. 

This complex interplay between external chemical cues and mechanical 3D 

environments is translated into intracellular signaling loops. Here, we describe 

how external mechano-chemical cues control cell functions, especially cell 

migration, and influence intracellular information transport. In particular, this 

work focuses on the quantitative analysis of (1) intracellular vesicle transport 

to understand intracellular state changes in response to external cues, (2) 

cellular sensing of external chemotactic cues, and (3) the cells' ability to 

migrate in 3D structured environments, artificially fabricated to mimic the 3D 

environment of tissue in the human body. 

2. Introduction 

To ensure the viability of living cells, a great variety of biochemical and physical 

processes have to be coordinated17. This sophisticated out-of-equilibrium 

system is orchestrated by complex interdependent processes within the 

extremely crowded and active cell interior. Chemical and physical signals in 

and outside of cells determine biological processes, such as cell migration and 

morphogenesis18. Mechanisms of cell functions are based on highly organized 

intracellular structures and systems, ranging in size from the nano- to the 

micron-scale. These structures are intrinsically dynamic, exhibiting active and 

passive transport phenomena to pass on information between different regions 

inside the cell19.  

While the genome provides the blueprint for all vital processes, the interaction 

of living cells with their environment determines cell functions. Not only 

molecular concentration gradients20 but also mechanical interactions with 3D 
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scaffolds of the extracellular matrix determine functionality of living cells, such 

as adhesion, migration, proliferation and differentiation21.  

The ability of cells to migrate in 3D environments under defined external cues 

(i.e. in the form of chemical or topographic gradients) in the host organism is 

essential for life. Malfunction of these processes often results in diseases in 

living organisms. 

A new insight into disease mechanisms is of utmost importance to develop 

novel strategies for curing diseases like neuronal degeneracy22,23, cancer24, and 

inflammation25 or to identify the mechanistic origins of rare diseases. 

Additionally, this understanding will promote the development of innovative 

cell guiding strategies, e.g. for scaffold design in tissue engineering and 

innovative cell sorting techniques for diagnostic purposes. 

This review summarizes studies that advance the abilities to control and 

analyse cellular functions using physical methods ( 

Figure 33), with a focus on amoeboid cells. Central questions are: 

1. How does the seemingly random noise pattern of intracellular transport 

reflect the plasticity of the cell interior? And how can this be analyzed 

to extract relevant motion states? 

2. How is a living cell capable of precisely sensing chemotactic cues from 

the environment? 

3. How are active dynamic control mechanisms changing the global shape 

of the cell by microtubule-actin crosstalk to adapt to the 3D 

environment? And how do cells perform directed migration in 3D 

environments? 
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Figure 33: Schematic overview of experimental approaches to elucidate cell behavior, 
signal processing and cell-substrate interaction. Intracellular information and material 
transport are probed by uptake and intracellular release of functionalized nanoparticles, 
in addition to magnetic force application. Cell-substrate interactions are controlled by 
cell type specific surface functionalization. 3D environments are investigated and 
specifically adapted to match individual cell requirements for scaffold design, in addition 
to force sensors for the analysis of cellular pulling and pushing forces. 

To answer these questions, it is essential to exert boundary conditions to living 

cells by applying external cues which keep key cell functions in a defined state. 

A controlled change of these predefined conditions induces state changes in 

living cells which can be quantified by extracting the relevant motion data. The 

following sections will display the importance of a mechanistic understanding 

of intracellular transport states (Section 2), chemotaxis (Section 3) and 

topographic cell guidance (Section 4) for the development of novel solutions 

for medical diagnosis and therapy. This systematic approach will facilitate the 

design of cell type specific 3D environments that allow for cell guidance and 

provide culture conditions similar to the cells' physiological environment. 

 

 

 

 

https://pubs.rsc.org/image/article/2016/sm/c5sm02844b/c5sm02844b-f1_hi-res.gif
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3. Intracellular information and material transport 

A living organism is a highly dynamic system that depends on the accurate 

interaction and performance of every subunit. In a densely crowded cell 

interior under non-equilibrium conditions, the transport of proteins, vesicles, 

and cellular building blocks is crucial for fast adaptation and for response 

mechanisms in reaction to extracellular cues. These cellular state changes are 

characterized by distinct transitions in intracellular transport processes. 

Extracting these state transitions from intracellular motion data will serve as a 

readout of cell response to mechanical or chemical cues and as a novel tool for 

the analysis of cell–material interactions. 

To advance our understanding of the impact of cellular architecture on 

intracellular dynamics, several methods have been developed for automated, 

reliable and time-resolved identification of motility signatures of cytoplasmic 

tracers17,123,230–234. Such approaches are both experimentally challenging and of 

fundamental importance. As an example, investigations on intracellular 

trajectories of beads moved by optical tweezers revealed anomalous diffusion 

behavior depending on the particle diameter231.  

In living cells, motile vesicles undergo two types of motion (Figure 34): 

directed transport, driven by molecular motors on filaments, and thermal 

diffusion in the crowded, active medium123,139,235–239. The combination of 

random and directed motion phases in the cytoplasm exhibit great advantages. 

Directed motion by bio-motors along microtubules (MT) rapidly transports 

vesicles between the periphery and the cell center233,234. In contrast, random 

walks are very slow considering the high viscosity of the cytoplasm. This 

motion alone would explore the whole space but it would be too slow to ensure 

viability. The combination of these two motions facilitates very effective 

intracellular transport with fast-directed motion phases and diffusion, to 

ensure efficient search modes for chemical reactions to occur in the cell. This 
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efficiency of combined directed and random motions in cells has also been 

predicted by theoretical studies17,240.  

 

Figure 34: Two state distribution of tracer bead motion: State 1 – molecular motor 
associated motion along microtubules with attachment duration τA. State 2 – detachment 
from microtubule and diffusive motion of duration τP.  

A basic and general analysis method to investigate intracellular transport 

motions is the mean squared displacement (MSD) method applied to 

trajectories of intracellular tracers19. A more detailed local MSD method with 

directional persistence analysis of the tracer path distinguishes diffusive 

motion from directed transport along MTs, by reliably separating diffusive and 

directed motion phenomena of particles123. To extract these two motion 

modes, particle motion is analyzed in terms of a two-state motility model, 

yielding distributions of state durations as well as state 

parameters, i.e. velocities during directed motion phases and diffusion 

coefficients. 

Experiments with colloidal probes engulfed by Dictyostelium discoideum cells 

exhibit the described two-state motion in the cytoplasmic space: random walks 

and directed motions with high velocities. Thus, transport of intracellular 

cargoes proceeds by successive phases of diffusion and directed motion. The 

calculated local velocities are best characterized in terms of very broad log-

normal distributions comprising velocities over 3 orders of magnitude up to a 

few microns per second70,123.  

The velocity distributions reveal subtle changes in the intracellular transport 

behavior caused by modifications of the cytoskeleton composition due to 

mutations, hormones, or drugs123,235,237. To identify the precise effect of 
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different components of the cellular micro- and nanoarchitecture on vesicle 

transport, cytoskeleton parts were selectively disturbed by using 

depolymerising drugs. Examples are the decomposition of the MT network by 

benomyl and of the actin cortex by latrunculin A. In both cases, the fast motion 

states vanish. The removal of myosin II motors results in a decrease of the 

overall velocities corresponding to an apparent increase in the cytoplasm 

viscosity. Determined active state durations obey a decaying exponential 

distribution, whereas the durations of the random states follow log-normal 

distributions241. The diffusion coefficients exhibit a broad log-normal 

distribution revealing that the random walks are not pure Brownian 

motions238. Such behavior is typical for diffusion in complex fluids with fractal 

dimensionality70. 

3.1 Langevin model of intracellular subdiffusion 

The subdiffusive regime is particularly interesting for inferring information 

about the dynamics of the cytoskeleton morphology and intracellular 

transport. To investigate the more complex intracellular transport processes 

leading to subdiffusion, all directed motion was excluded.16 Experimental 

results are compared to simulations of a data-driven Langevin model with 

finite correlations, capturing essential statistical features of the local MSD 

analysis123,139,235. The statistics of this local MSD algorithm were calculated and 

a stochastic model of intracellular subdiffusion was developed for random 

motion with Gaussian velocity fluctuations, with a given correlation 

function139. Thus, subdiffusive transport in D. discoideum cells can be 

described by Brownian motion with correlated Gaussian velocity fluctuations. 

In the experimental data, increments are Gaussian only to a certain 

approximation and no higher order or nonlinear correlations were 

incorporated in the model235.  
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Both microtubules and actin filaments act as the cause of intracellular 

subdiffusion235. In general, microtubule sweeping motions liquefy the 

cytoplasm on all time scales, whereas actin-microtubule cross-talk generates a 

liquefying effect only at time scales longer than 0.2 s. The F-actin induced 

decrease in effective diffusion coefficients was revealed at all investigated time 

scales235. Furthermore, intracellular motion in the sub-diffusive regime is 

qualitatively distinct from overdamped Brownian motion. Negative 

correlations between increments of motion generate this sub-diffusive 

behavior. This suggests another class of Langevin-type models for the velocity, 

generating Gaussian fluctuations with correlations characteristic of an anti-

persistent motion139.  

3.2 Dimensionality in intracellular transport 

To reduce the complexity of the 3D cell interior, a quasi-1D cell system was 

realized by special surface treatment, confining cell adhesion to pre-patterned 

quasi-1D surface lines236,242. On these quasi-1D surface structures of 1 μm 

width, straight cellular outgrowth of up to several 100 μm was observed for 

PC12 cells236. Quasi-1D intracellular transport phases of inserted fluorescent 

nanoparticles (NPs) were analyzed by the two-state local MSD analysis as 

described in Section 2.1. Upon direct insertion of non-functionalized NPs into 

the cells, which could not bind to bio-motors for directed transport, sub-

diffusive intracellular transport was predominant. However, this transport 

behavior reverses completely towards directed transport when attachment to 

bio-motors is possible. Thus, tuning the attachment rate to intracellular bio-

motors is a useful tool to control the efficiency of intracellular transport 

processes236.  

To further investigate the aspects of dimensionality in intracellular transport, 

3D trajectories of fluorescent NPs inside living cells were analyzed by local MSD 

calculation and compared to their 2D projections.21 This way, the impact of 
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each dimension for directed transport and diffusion was identified. Two cell 

types were compared: D. discoideum cells exhibiting a rather 3D morphology 

during adhesion and migration and HUH7 cells that are rather flat (2D-like) 

when adhered to a flat substrate. It was found that directed transport along 

microtubules is performed isotropically in D. discoideum cells. Here, the 

projection of the transport trajectories into 2D showed significant deviations 

from 3D directed transport behavior. In contrast, the 2D projection of the 

directed phase trajectories did not result in a significant change in motion 

characteristics in the more 2D-organized HUH7 cells, where directed transport 

along MTs occurs predominantly in the 2D plane of adhesion. Diffusion 

coefficients obtained from 2D projections of the 3D tracks were 

underestimated in both cell types, proving that intracellular diffusion is a 

complex, anisotropic process in living cells with distinct 3D features239.  

3.3 Force application inside living cells by magnetic tweezers 

The micro-viscoelasticity of the intracellular space of D. discoideum cells was 

studied by evaluating the intracellular transport of magnetic force probes and 

their viscoelastic responses to force pulses in the pN to nN 

regime241,243. Magnetic tweezer technology was applied by pulling super-

paramagnetic micro- and nano-scaled particles inside cells via an 

inhomogeneous, external magnetic field237,241,243.  

The robustness of intracellular transport processes can be correlated with the 

resistance against external force application. In general, it was found that nN 

forces exerted on magnetic beads attached to microtubules (MTs) are balanced 

by traction forces. Those arise at the MT ends coupled to the actin cortex and 

the microtubule organising centre (MTOC), respectively. Mechanical coupling 

between the MTs and the viscoelastic actin cortex provides cells with high 

mechanical stability despite the softness of the cytoplasm. Stronger external 
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forces have to be balanced by the interplay of the traction forces in the MT 

network and the shear stress in the viscoelastic actin cortex237.  

Therefore, the cytoplasmic space of cells is an active body that is mechanically 

stabilized by interactive crosstalk between the viscoelastic shell and the aster-

like array of microtubules embedded in the viscoplastic cytoplasmatic 

space243. External cues strongly influence these mechanisms and recent 

investigations showed that mechano-transduction also occurs in the nucleus 

and is therefore not only restricted to adhesion sites and cell surface 

receptors244.  

4. Control of cell motion by spatio-temporally 
controlled external chemical stimuli 

The prime example of complex intracellular feedback on fast time scales is 

chemotaxis, the capability of cells to sense20,245, polarise132 and migrate 

towards an external chemical stimulus20. In this orchestrated process, 

chemoattractants bind to cell surface receptors and induce cell polarization 

and the subsequent generation of protrusions in the direction of the gradient 

(Figure 35)246,247. Chemotaxis is essential for embryogenesis248, neuron 

guidance249, and inflammatory response25, but also in pathologic aberrations 

like metastasis24,250. Understanding the key mechanisms of chemotaxis will 

allow for active cell guidance. This will greatly facilitate artificial tissue 

formation in tissue engineering and novel approaches for regenerative 

medicine, e.g. by directing the migration of specific cell types towards defined 

regions inside 3D scaffolds. Additionally, the elucidation of chemotactic 

processes in metastasis might lead to the discovery of potential targets for 

tumor therapy. 
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Figure 35: Cell polarising its actin cortex (red) towards the source of a chemical gradient 
and initiating directed migration. 

Therefore, many recent developments in microfluidics aim at a better 

experimental setup to stimulate cells in highly controlled, spatio-temporally 

varying gradient fields. Micropipette251,252 and diffusion chamber253–255 assays 

are easily applicable methods to create chemical gradients, while for the 

generation of temporally stable gradients, chemical mixing in cascade 

microfluidic structures is applied experimentally110,111,256. Y-chambers even 

add the advantage of temporal on/off-switching257,258. For rapid chemotactic 

stimulation, photo-induced release of chemotactic agents was implemented259–

261. However, this technique leads to temporal and local inhomogeneities. 

4.1 Cell motion analysis in alternating gradient fields 

The creation of realistic artificial cell environments needs both aspects: stable 

gradients and fast changes in the gradient direction. This was first achieved by 

a complex valve-based approach examining migratory responses of 

neutrophils to fast gradient variations110. An even higher stability accompanied 

by faster switching frequencies and a less complex setup is gained using a 3-

inlet microfluidic gradient generator. This technique allows for the generation 

of highly stable, homogeneous gradients on large scales to address many cells 

in parallel112. The cells sense chemotactic fields arising from two opposite 

directions, which can be switched on alternatingly at any frequency, to adapt 

to the exposure times the cells experience in the currently applied chemotactic 

field. Two fundamentally different cell repolarization and migration types were 

identified during reorientation of D. discoideum cells towards the new gradient 
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directions: repolarization and U-turn behavior. Even dynamical cell trapping 

was performed at high gradient switching frequencies. Here, the cells could not 

follow the changing stimulus and therefore were trapped112. This can be used 

to probe the mechanistic time scales of the sensing abilities of cells. 

Intracellular repolymerization dynamics visualized by the GFP fusion protein 

LimEΔcc in D. discoideum cells has been quantified by a fluorescence dipole 

moment correlating the direction of the actin front to the gradient direction 

(Figure 36). Repolymerization behavior involves reorganization of the actin 

cortex towards the new migration direction and the establishment of a new 

migration front at the opposite end of the cell112. The temporal evolution of this 

process is shown in Figure 36. 

Future experiments need to combine these highly stable but temporarily 

variable gradient fields with further external stimuli and internal cell readouts 

to clarify the still remaining questions regarding chemotactically induced 

movement. 

4.2 Influcence of cell shape on chemotaxis 

Amoeboid cell motion in general occurs by cyclic formation of protrusions 

(pseudopods) at the cell front, followed by active retraction of the cell 

rear107. Cell shape changes have been investigated in more detail to extract 

optimal combinations of cell shape changes and migration behavior for the 

sensing of chemotactic fields at the sensing limit262,263. Results show that D. 

discoideum cells are capable of chemotaxis at the fundamental limit of gradient 

sensing, as predicted by a static absorber model264. This model shows that an 

amoeboid cell exhibits the same average sensing precision as a spherical object 

binding the chemoattractant permanently to its surface. 
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Figure 36: Schematic illustration of a cell polarising towards alternating gradient 
directions (top). Actin polymerization is quantified by LimEΔcc GFP and the fluorescence 
dipole moment (FDM) quantifies the amount of fluorescence in the upper versus the 
lower hemisphere of the cell during this reorientation process (bottom). Cell polarization 
(mid image gallery) and fluorescence dipole moment (black line in plot) following the 
gradient direction (green line in plot)112. 

Additional insight was gained about a windshield effect produced by the flow 

of a chemotactic medium across a cell. This effect interferes with accurate 

chemotaxis, but cells are capable of compensating for this effect, if it is caused 

by their own motion264. The highly correlated shapes and motion behaviors of 

amoeba are strategies for coping with such motion induced gradients at a low 

signal-to-noise-ratio in chemotaxis103. It was found that sideway sensing 

strategies fit with experimentally observed pseudopod splitting and zig-zag 

movement up the gradient262. Furthermore, a stopping and sensing strategy 

was revealed, exhibiting reduced speed accompanied by cell shape 
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oscillations61. A third strategy would be the compensation by chemoattractant 

secretion at the rear of the cell, which D. discoideum is known to do. Since 

similar cell behavior is observed in a diverse range of cell types262, these could 

be conserved traits in evolution and could be used for medical 

applications, e.g. for guiding the migration of cell ensembles or immune cells by 

utilizing cell–cell signalling. 

5. Cellular adhesion and motion control in predefined 
quasi-3D environments 

In the absence of external cues, motile amoeboid cells migrate by the formation 

of stochastically generated pseudopods. The current model assumes two 

alternating motility modes: a random probing mode and a directed, fast 

migration mode60. This efficient “search strategy” is highly dynamic and can be 

characterized by distinct differences in the protrusion frequency and angle 

distribution of successive turns in the migration direction61. Cell velocity and 

shape analysis during these random migration phases led to simple models of 

amoeboid random walk62. In the last decade, a refined view emerged 

considering correlations between the cellular orientation and the migration 

direction63–66. In the presence of mechanical or chemical cues, the protrusions 

can be stabilized and trigger directed migration by cell polarization67. This 

specific type of cell migration is observed in several eukaryotic cell 

types, e.g. stem cells, specific immune cells or metastatic tumor cells68, which 

can travel long distances inside the complex tissues of the human body to reach 

their point of destination69. Thus, a profound understanding of the mechanisms 

governing amoeboid migration in 3D environments will facilitate novel 

approaches in diagnostics and therapy. It will give rise to the development of 

novel drugs in cancer therapy, targeting specific cytoskeletal parts or 

intracellular proteins that have been shown to promote tumor metastasis. 

Furthermore, the abilities for cell guidance by topographic cues will be of 
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utmost importance for the 3D distribution of cells inside artificial scaffolds in 

tissue engineering. 

5.1 Cell-substrate interactions in amoeboid migration 

Spontaneous generation of pseudopods at random sites is a basic activity of 

vital cells and can be found in homogeneous cell migration environments 

lacking topographic and chemotactic stimuli. D. discoideum cells perform a 

special kind of random motion consisting of zig-zag-like motions over distances 

of about 20 μm and a subsequent change in the direction61,70,71. This motion 

behavior is correlated with the dynamics of pseudopod spreading. Pseudopods 

protrude constantly for several microns and stop abruptly. Then, the cell rear 

is retracted by unbinding from the substrate, decreasing the contact area. 

Subsequently, migration in a new direction is induced. Hence, cell motion is 

characterized by a concomitant cyclic variation of the contact area70.  

The influence of surface structure and chemistry on this type of cell dynamics 

in D. discoideum cells during adhesion has been investigated quantitatively for 

different actin manipulating proteins by tracking the cell adhesion area and the 

protein distribution during the adhesion process66,67,68,69,71.61–66 The analysis of 

the gain and loss of contact area revealed fluctuations in forces of protrusion 

and retraction that prevent D. discoideum cells from approaching a steady-

state of interaction with a substrate. In conclusion, non-monotonic cell 

spreading is induced by spatio-temporal patterns resulting from the interplay 

of motor proteins and regulatory proteins, either promoting or terminating the 

polymerization of actin66.  

The importance of substrate adhesion and interaction was stressed by 

investigations on the size and number of actin foci in D. discoideum, where a 

negative correlation between the actin foci number and the cell velocity was 

found72. Thus, amoeboid cell motility strongly depends on the interaction with 
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the substrate. This is a very important principle for future studies and potential 

applications, as similar correlations between focal adhesion dynamics and cell 

motility have been found for other types of cell migration73.  

5.2 Influence of quasi-3D structures on amoeboid cell 

motility 

3D structures influence adhesion and migration behavior of living cells by 

inducing local and global changes in cellular morphology and protein 

expression55,226,265.  

To analyse differences in cell migration in 3D structured 

environments versus on flat substrates (2D), the motion behavior of D. 

discoideum cells has been investigated in micro-pillar arrays with defined 

geometry and density60,138. Results elucidate that microstructures on surfaces 

are not sensed as simple obstacles, leading to a deflection of the cell path, but 

can trap cells in contact with these structures and stop cell motion. This 

dynamic cell trapping effect depends on the cell's initial motility mode, which 

is enhanced with increasing number of surface structures the cell is in contact 

with at a given time (Figure 37)60,138. 

Additionally, switching from a randomly formed pseudopod (random motility 

mode) into a stabilized pseudopod (directed migration) is enhanced by surface 

contact, meaning that cells migrate by maximising contact with available 

surface structures. However, cells lacking microtubules do not show 

pronounced attraction to surface pillars, leading to the conclusion that 

microtubules mediate cellular interaction with surface structures60. The 

general dependence of focal adhesion build-up and disassembly on 

microtubules has also been observed in fibroblasts266,267 and proves the 

relevance of the principles derived from investigations on amoeboid cells. 
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Figure 37: Schematic illustration of cell behavior on differently structured substrates, 
characterized by protrusion spreading (red) and retraction (blue), where extracellular 
obstacles can be described as potential wells mediating cellular motion processes; the 
resulting potential level is displayed in grey: (A) random protrusion formation on flat 
substrates, (B) protrusion stabilization and subsequent adhesion to the additional 
surface contact with 3D structures, (C) dynamic cell trapping effect by adhesion to 
multiple 3D structures in the absence of other structures in the cell vicinity, (D) 
topographic guidance effect by a gradual increase of the adhesion surface, (E) 
fluorescent microscopy image of a D. discoideum cell expressing LimEΔcc RFP and 
Arp2/3-GFP while adhering to a pillar structure. 

Further investigations revealed that the spatial density of the quasi-3D 

environment has a distinct effect on cell migration, e.g. the number of directed 

pillar-to-pillar runs is increased by higher pillar densities, triggering cell 

polarization60,138. A long-term shift of cell migration towards regions with pillar 

distances in the range of the cell diameter was observed. This effect is based on 

directed migration from low density regions and a contrary passive drift from 

high density regions where cells are spatially confined65. This “topophoresis” 

effect opens the possibility of guiding or sorting different cell types according 

to the spatial geometry and density of the 3D environment. Additionally, 

in D. discoideum cells exposed to traction forces by 3D spatial confinement, a 
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transition from actin-driven pseudopod formation towards bleb-driven 

motility can be observed252. Interestingly, the migration of mesenchymal-like 

cells shows a plasticity depending on the adhesion to the substrate and spatial 

confinement. They exhibited a tendency to perform amoeboid-like migration 

for low substrate adhesion and spatial confinement inside artificial 

environments252. This finding underlines the importance of amoeboid 

migration for the development of novel materials for cell guidance in tissue 

engineering. 

6. Outlook 

This review summarizes recent research on the influence of chemical and 

mechanical stimuli on cell behavior and the underlying processes, with a focus 

on amoeboid migration. The survival of cells in organisms depends on their 

ability to respond to external cues with changes in their intracellular signalling 

pathways. The extraction of these state changes from intracellular motion data 

will serve as a novel readout tool for the precise analysis of cell interactions 

with materials and active agents, e.g. for more efficient screening assays in 

drug development. 

Future research should aim at advancing the mechanistic understanding of the 

complex interplay of extracellular cues and intracellular states in setups 

combining mechanical and chemical stimuli in 3D, successively approaching 

physiological conditions. The systematic analysis and elucidation of these 

interactions will greatly facilitate the buildup of a toolbox for the design of cell-

type specific surface structures and 3D scaffolds and initiate novel approaches 

in biomedical research. The crucial step here is to optimize the combination of 

stimuli for manipulating cell functions with bioactive materials, ranging in size 

from the micron to the nanoscale. Mechanical stimuli will be provided by 3D 

scaffolds to promote or hinder directed cell migration, guiding cells to desired 

destinations and providing ideal conditions for specific cell types. To enhance 
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these effects, local chemotactic gradients will be generated inside the scaffolds 

by incorporated nanocarriers, altering the cytoskeleton or triggering local 

changes in cell functions. 

The presented approach mimics the amount of information a cell has to 

compute in vivo and will elucidate the decision making process in living cells. 

This will be greatly facilitated by computational studies, helping to find 

consistent biophysical models for cellular behavior268,269. In a greater scheme, 

this will allow for the design of more realistic drug screening assays, organs-

on-a-chip, bioactive scaffolds and open up new prospects for applications in 

tissue engineering and regenerative medicine.
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