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Abstract 

The intrinsic architecture of biological tissues and of implanted biomaterials provides cells with large-

scale geometrical cues. To understand how cells are able to sense and respond to complex structural 

environments, a deeper insight into the cellular response to multiscale and conflicting geometrical cues 

is needed. In this study, we subjected human bone marrow stromal cells (hBMSCs) to mesoscale 

cylindrical surfaces (diameter 250-5000 µm) and nanoscale collagen fibrils (diameter 100-200 nm) 

that were aligned perpendicular to the cylinder axis. On flat surfaces and at low substrate curvatures 

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

collagen fibrils, consistent with the contact guidance effect. With increasing surface curvature 

(decreasing cylinder diameter, d < 1000 µm), cells increasingly aligned and migrated along the 

cylinder axis, i.e., the direction of zero curvature. An increase in phosphorylated myosin light chain 

levels was observed with increasing substrate curvature, suggesting a link between substrate-induced 

cell bending and the F-actin-myosin machinery. Taken together, this work demonstrates that 

geometrical cues of up to 10x cell size can play a dominant role in directing hBMSC alignment and 

migration and that the effect of nanoscale contact guidance can even be overruled by mesoscale 

curvature guidance.   
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Introduction 

Cell migration plays a critical role in a large number of physiological and pathological processes in the 

body, such as tissue morphogenesis and wound healing. In vivo, cells are subjected to a plethora of 

signals that can influence the migratory behaviour [1]. Chemical gradients and mechanical cues are 

known to drive directed cell migration [1,2]. Furthermore, the physical properties of the environment 

can provide contact guidance cues, directing cell migration via the architecture of the extracellular 

matrix (ECM) or substrate topographies [3]. The spatial distribution of ECM proteins can provide 

anisotropic directional cues to cells, resulting in a directed cell movement. This phenomenon is for 

instance seen in embryo development, where the ECM components can regulate the migration of 

precursor cells via contact-mediated guidance [4,5]. ECM organization also plays an important role in 

pathologic situations. Aligned collagen fibres contribute to the invasion and metastasis of breast and 

pancreas carcinoma by providing guidance cues to carcinoma cell orientation and migration [6–9]. In 

this situation, cells migrate along nanometre-scale collagen fibrils or between micrometre-scale spaces 

in the matrix [6]. Moreover, cancer cells can also spread and migrate along larger pre-existing 

structures such as the external surface of blood vessels and myofibers [10–12].  

On the flip side, the effect of geometrical cues on cell migration provides an interesting 

opportunity for advancing tissue engineering. In particular, it opens a new attractive approach of 

exploiting the biomaterial’s structure, e.g. scaffold fibre organization or pore geometry, to guide cell 

infiltration and tissue organization directly without biochemical additives/attractants. Cell migration is 

of special importance for in situ tissue engineering approaches, where a cell-free biomaterial scaffold 

is implanted [13,14]. Such approaches depend on the recruitment of cells into the biomaterial scaffold 

that ideally provides an environment supporting endogenous healing cascades. Thus, the scaffold 

should provide a favourable environment for cell infiltration. In this context, aligned, cylinder-like 

scaffold fibres or struts could promote cell alignment and directed migration inside the scaffold. 

Today, advanced scaffold production techniques, especially additive manufacturing, provide the 

opportunity to fabricate scaffolds with complex architectures [15]. The architecture of the scaffold can 

provide geometrical cues to the cells and can therefore be used as a cell-instructive parameter. 
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However, a better understanding of how cells respond to a broad range of geometrical cues is first 

needed to understand how cellular behaviour can be influenced by the scaffold’s architecture.  

The cellular response to nano/micrometre-sized fibres, grooves, pillars and contact-printed 

lines has been well documented, demonstrating the role of contact guidance and topographical 

guidance by nano- and microscale geometrical features in cell migration [6,16–25]. Moreover, there is 

a growing body of evidence that cells can also respond to geometrical cues equal or even larger than 

cell size [26–30]. We recently reported that the migration behaviour of single-cells can be influenced 

by 3D substrate curvatures larger than cell size. Human bone marrow-derived stromal cells (hBMSCs) 

migrated significantly faster on concave spherical surfaces (with sphere diameters of  250-750 µm) 

compared to cells on convex spherical surfaces and flat surfaces [29]. Taken together, these reports 

suggest that cells can respond to geometrical cues within a wide range of length scales. However, the 

mechanisms by which the direction of cell migration is influenced by geometrical features larger than 

cell size, such as seen in tissue engineering scaffolds but also in native tissues in vivo, remains poorly 

explored. Furthermore, while the migration response to single geometrical cues has been extensively 

studied, very little is known about the cell response to multiple geometrical cues. Such knowledge, 

however, is needed for a better understanding of the interaction between cells and the ECM in 

homeostasis, disease or regeneration. Evidence is growing that the vessel adventitia representing a 

cylindrical geometry with diameters between 100 µm and several millimetres and a collagen-rich 

matrix serves as a niche for progenitor cells (adventitial cells, pericytes) [31,32]. The migration of 

these cells to the site of injury is regarded to play a significant role in tissue healing [33]. In the field 

of tissue engineering, biomaterial scaffolds produced by additive manufacturing processes like fused 

deposition modelling or selective laser sintering to support defect healing often feature cylindrical 

strut geometries with diameters of a few hundreds of micrometres [34]. To improve surface 

hydrophilicity and cell adhesion, coatings with biopolymers, e.g. collagen, are applied. In both 

examples, knowledge on how cells respond to multiple co-existing geometrical cues at different length 

scales is necessary to predict how cells will react to the complex geometrical situation in vivo.  

In this study, we explored the directional migratory response of hBMSCs to combined 

geometrical cues of distinct length scales. We deposited anisotropic and isotropic collagen fibril 
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networks (100-200 nm diameter) on cylindrical surfaces (diameter 250-5000 µm) and studied the 

alignment and migration response of hBMSCs in the presence of multicue geometrical environments. 

Our findings indicate that hBMSC migration can be actively guided by substrate curvatures at length 

scales much bigger than the cell size, through a curvature avoidance mechanism.  We show, for the 

first time to our knowledge, that this effect can dominate the well-known nanoscale contact guidance 

effect, demonstrating that mesoscale geometry acts as an important cell-instructive matrix parameter. 

This is of relevance for the design of biomaterials and for understanding the morphogenesis of tissues 

and organs that naturally contain curvatures, such as cysts, tubules, and vessels. 

 

Materials and Methods 

Design and production of cell culture chip: Cell culture chips containing curved structures were 

fabricated from polydimethylsiloxane (PDMS) via a moulding process. Chip moulds containing 

cylindrical structures were designed using computer-aided design software (Rhinoceros 3D, McNeel 

Europe) and produced in glass by FEMTOPrint (Muzzano, Switzerland). The chips contain convex 

semi cylinders with diameters of d = 250, 350, 500, 750, 1000, 2000 and 5000 µm and a length of 

1000 µm, surrounded by flat areas. The chip mould was exposed to 

tridecafluoro(1,1,2,2,tetrahydrooctyl)trichlorosilane in vapour-phase overnight to facilitate later 

removal of the PDMS chip from the mould. PDMS (Sylgard® 184, 1:10 ratio crosslinker:PDMS, Dow 

Corning) was cast into the mould and cured overnight at 65°C. After unmoulding, a thin additional 

PDMS layer was applied on the chip to ensure a smooth surface. A droplet of PDMS was applied on 

the chip which was spread to a thin layer on the chip using pressurized air flow. The chip was 

subsequently cured for 3 h at 65 °C.  The structure of the chips was characterized by scanning electron 

microscopy (SEM, Tescan Mira 3 GMU) and the smoothness of the surface was visualized by optical 

profilometry (Sensofar optical profilometer).  

 

Preparation of fibrillar collagen coating: We introduced a thin film of fibrillar collagen network on 

the chips by modifying a method previously described for flat substrates [35,36]. In particular, we 

created isotropic and anisotropic fibrillar collagen coatings on 3D curved surfaces. To prepare 1 ml 
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neutralized solution of 0.3 mg/ml bovine collagen I, 100 µl bovine collagen I (PureCol, Bovine 

Collagen Solution, Type I, 3 mg/ml, Advanced Biomatrix), 875 µl 1x PBS, 12.5 µl 10x PBS and 12.5 

µl 0.1 M NaOH were mixed. PDMS chips were incubated in the collagen I solution overnight at 37°C. 

Chips were subsequently washed in PBS to remove unbound excess collagen. Chips with an isotropic 

collagen coating were washed with milliQ water to remove the salts from the PBS solution and were 

placed in a clean, dry dish to air-dry at room temperature inside a safety cabinet. Chips with an 

anisotropic collagen coating were subjected to a continuous directed flow of PBS for approx. 1 min 

followed by a short continuous flow of milliQ water. Chips were then dried with a directed pressurized 

air flow. The flow of the PBS, milliQ water and air was all in the same direction, perpendicular to the 

axis of the cylindrical structures on the chip. Collagen fibrils adsorbed on the chips were stained with 

the native-collagen-binding protein CNA35 labelled with fluorescent dye Oregon Green 488 (CNA35-

OG488) [37]. The fibrillar collagen coating on each cylindrical structure was imaged and collagen 

orientation was analysed using Mathematica (Wolfram, version 10) based on a method described 

previously [38]. Collagen fibril diameter was measured by atomic force microscopy (AFM, Bruker 

Bioscope Catalyst). 

 

hBMSC isolation and culture: Bone marrow was obtained from human donors undergoing total hip 

joint replacements performed at Charité, Universitätsmedizin Berlin, Germany. BMSCs were isolated 

by density-gradient separation using Histopaque-1077 (Sigma-Aldrich) and subsequent adhesion to 

tissue culture polystyrene. hBMSCs from one donor (49y, f) were used at passage 3-7. Cells were 

cultured in expansion medium consisting of Dulbecco’s modified Eagle’s medium (DMEM, Sigma-

Aldrich) supplemented with 10% fetal bovine serum (FBS, Biochrom AG), 1% 

penicillin/streptomycin (Biochrom AG) and 1% L-glutamine (glutaMAX, Invitrogen).  

 

Migration experiments: hBMSCs were stained in suspension with 10 µM CellTracker Green (Life 

Technologies) and seeded at a density of 3∙10
4
 cells/ml on the chip. Time-lapse confocal microscopy 

was performed at 37 ˚C and 5% CO2 using a Leica TCS SP5 microscope equipped with an incubator 

chamber. A motorized x-y stage allowed the imaging of multiple cylindrical structures on the chip per 
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experiment. Regions of interest were imaged with a 20x, 0.7 NA objective and a white light laser 

(Supercontinuum Fibre Laser, Leica) set at an excitation wavelength of 488 nm.  Z-stacks of 3 µm z-

spacing were recorded every 45 min for 24 hours. Migration experiments were repeated on 6 

individual chips with an anisotropic collagen coating and 4 individual chips with an isotropic collagen 

coating.  

 

Cell migration analysis: Acquired 3D time-lapse images of the migration experiment were analysed 

using ImageJ plugin MtrackJ [39]. The centres of in total 361 cells in the anisotropic fibrillar collagen 

group and 341 cells in the isotropic fibrillar collagen group were tracked manually. A minimum of 30 

cells per cylinder size was analysed. The migration tracks were plotted with the ImageJ plugin 

Chemotaxis and Migration Tool 2.0 (Ibidi). The coverage in the x (dx) or y (dy) direction is defined as 

the largest distance covered by the cell in the x (along the cylindrical axis) and the y (perpendicular to 

the cylindrical axis) directions. Migration speed was analysed from the data within 6h-24h from the 

start of the experiment. The speed was calculated as the scalar of the displacement vector between two 

images, divided by the timeframe interval. 

 

Immunohistochemistry: Cell culture chips containing spherical and cylindrical surfaces with a 

diameter of 200, 300, 400, 600, 800 and 1000 µm were used to study the F-actin cytoskeleton and 

phosphorylated myosin light chain on curved surfaces. Three individual chips containing both 

spherical and cylindrical structures were coated with an isotropic collagen fibril network and hBMSCs 

were cultured on the chips for 24h. The samples were stained for F-actin (Phalloidin–Atto 647N, 

#65906, Sigma) and phosphorylated pS20 of human myosin light chain (#2480, Abcam). 

Immunohistologically stained chips were imaged using a Leica TCS SP5 microscope with a 25x, 0.95 

NA objective. Z-stacks were recorded at 2 µm z-spacing. Laser power and detector settings were kept 

constant during the imaging of the different samples.  

 

Data analysis of immunohistochemistry data: Images were analysed using custom-made macros in 

ImageJ. For phosphorylated myosin light chain and F-actin, 8 bit images of each z-stack were summed 
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creating a 32 bit image. Background fluorescence from the chip was subtracted (same value for all 

chips). The average signal intensity per cell was calculated by summing the grey-scale intensity values 

of all image pixels, divided by the number of cell nuclei to obtain the intensity per cell. All values 

were normalized to the corresponding intensities of cells on flat surfaces. F-actin fibre orientation was 

quantified using the OrientationJ plug-in in ImageJ (Biomedical Imaging Group, Ecole Polytechnique 

Federale de Lausanne, Switzerland, http://bigwww.epfl.ch/demo/orientation/). For each group, 6 to 17 

images were analysed. The calculation of orientation-dependent surface curvature  on cylinders as 

presented in figure 4H is provided in  supplementary figure 3.  

 

Statistical Analysis: Two-way ANOVA analysis with Bonferroni posthoc test was used to assess 

differences between the migration coverages in the x and y directions (dx and dy) and actin and 

phosphorylated myosin intensity values on the various cylindrical substrates. One-way ANOVA 

analysis with Bonferroni posthoc test was used to assess differences between migration speeds on the 

cylindrical surfaces. *P≤0.05.   

 

Results 

Isotropic and anisotropic fibrillar collagen networks on 3D cylindrical substrates 

We produced cell culture substrates containing mesoscale cylinders (d = 250-5000 µm) and nanoscale 

collagen fibrils (d = 100-200 nm) (figure 1A). The micromoulding technique provided a simple and 

reproducible method to produce cell culture substrates with cylindrical structures (figure 1F). Optical 

profilomety images confirmed that this approach allows the robust formation of smooth cylindrical 

structures with no gross imperfections or dents (figure 1G and supplementary figure 1), as desired to 

prevent any potential nanoscale topographical cues aside from those from the collagen fibrils to be 

present for cell sensing. To expose the cells to nanoscale cues in combination with the mesoscale cues 

from the cylindrical structures, we added a fibrillar collagen coating on the cylinders. The thin, dense 

collagen network covered the complete surface of the cell culture chip and the density of the collagen 

fibril network on the different cylindrical substrates was uniform (figure 1B,D and supplementary 

figure 2). Analysis of the orientation of the collagen fibrils showed that air drying resulted in an 

http://bigwww.epfl.ch/demo/orientation/
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isotropic collagen fibril network (figure 1E), whereas exposure to directed fluid and air flow 

reproducibly produced the intended aligned collagen fibril network in the circumferential direction on 

the curved surfaces (figure 1C). AFM measurements indicated that the collagen fibril diameters were 

in the range of 100-200 nm, consistent with data previously reported [35]. This experimental approach 

allowed us to systematically study the influence of combined mesoscale and nanoscale geometrical 

cues on cell behaviour. 

 

Mesoscale curvature guidance can dominate nanoscale contact guidance 

We used this fibril-on-cylinder chip as a platform to investigate the combinatorial effect of multiple 

geometrical cues on cell migration. Figure 2 shows the migration tracks and images of cells on 

cylindrical surfaces with isotropic (figure 2A,B) and anisotropic (figure 2C,D) collagen fibrils. The 

images and migration trajectories show a correlation between cell alignment and migration direction. 

hBMSCs on isotropically-coated surfaces increasingly align and migrate towards the cylinder axis as 

the cylinder diameter decreases (figure 2A,B). On the substrates with anisotropic fibrillar collagen, 

hBMSCs predominantly followed the directional nanoscale cues of the anisotropic collagen 

nanofibrils on flat surfaces and large cylindrical surfaces (d ≥ 2000 µm). Directed migration along 

aligned collagen fibrils was gradually disturbed as the underlying surface curvature of the cylinders 

increased. Concomitantly, the macroscale guiding cues from the cylindrical surfaces became 

increasingly dominant with decreasing cylinder diameter (i.e. increasing surface curvature) leading to 

an increasingly directional migration along longitudinal axis (figure 2 C,D).     

To identify the directional preference at different conditions, we quantified the displacement 

of migrating hBMSCs along the longitudinal cylinder axis (dx) and in the circumferential direction 

(dy) of the cylinders (figure 3A-C). We used these data to calculate the ratio of displacement of the 

migrating cells in x- vs. y-direction (dx/dy, where dx/dy = 1 represents an isotropic movement) (figure 

3D). The migration tracks of hBMSCs on flat, isotropically-coated surfaces show on average an equal 

displacement in the x- and y-direction (dx/dy = 1), indicating that no preferred direction of migration 

exists on these substrates. With increasing curvature of the cylindrical surfaces, however, a 
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preferential migration direction emerged that gradually aligned with the cylinder axis (x-direction) 

(figure 3B,D, in red).  

 On substrates with an anisotropic collagen network, we observed dx/dy < 1 on flat surfaces 

and large cylindrical surfaces with low surface curvature, (figure 3C,D, in blue), clearly indicating that 

the nanoscale collagen fibrils act as the dominant guiding cue for cell migration. A transition point 

was found at cylindrical surfaces with diameters of 1000 µm where the curve of dx/dy intersected with 

the line of isotropic cell movement at dx/dy=1 (figure 3D, blue line). Here, cells migrated equal 

distances in the x and y direction. This indicated a conflict between the nanoscale geometrical cues 

from aligned collagen fibrils and the mesoscale geometrical cues from the curved surface leading to a 

lack of any dominant geometric cue. At smaller cylindrical surfaces (d < 1000 µm), curvature 

guidance became the dominant geometrical guiding cue, resulting in dx/dy > 1. These findings 

indicated that the migration behaviour of hBMSCs is strongly influenced already at low magnitudes of 

surface curvature. Mesoscale curvature cues could even overrule coexisting nanoscale contact 

guidance cues provided by aligned collagen fibrils.  

Interestingly, dx and dy were equal for cylinders with the smallest investigated diameter of 

250 µm.  On these cylinders where the radius of curvature (= 125 µm) was similar to the cell’s length 

(≈ 100 µm), a ratio of dx/dy ≈ 3 was found. This indicated a 3-fold enhanced migration displacement 

in the direction along the longitudinal cylinder axis than in the circumferential direction, irrespective 

of the underlying fibrillary collagen organization (figure 3D). However, on cylindrical substrates with 

an isotropic collagen coating, dx values were increasing with decreasing cylinder diameters while on 

anisotropic collagen coating, dx values remain constant at cylinder diameters between 250 and 500µm 

(figure 3B and C). This can be explained by the fact that the observed increase of migration speed with 

decreasing cylinder diameter, was less pronounced on anisotropically compared to isotropically 

structured collagen (figure 3E). Together, this suggests that even though the nanoscale cues are not 

dominant in directing cell orientation and migration on the smallest cylinders (250-500 µm), collagen 

fibrils aligned perpendicular to the longitudinal cylinder axis (the preferred direction of migration) 

might still impede the migration process, e.g. by interfering with lamellipodia progression, leading to 
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reduced migration speed. Thus, nanoscale contact guidance cues provided by the aligned collagen 

fibrils can be overruled by the mesoscale curvature guidance cues, but still influence cell behaviour.       

 

Cell bending on a curved surface results in increased phosphorylated myosin levels   

We next asked why cells turn towards the longitudinal axis of the cylindrical surface at cylinder 

diameters of up to 1000 µm, even when nanoscale contact guidance cues are directed in the 

circumferential direction. The direction of the longitudinal axis of the cylinders, that  hBMSCs 

preferentially align and migrate along, is the direction of smallest (zero) surface curvature. We 

therefore wondered whether the preference of cells to orient in this zero-surface-curvature direction 

and away from higher surface curvatures in the circumferential direction is linked to contractility-

mediated cytoskeleton remodelling and reorientation. For directly testing this hypothesis, we decided 

to study an alternative experimental situation where the cells’ ability to avoid substrate curvature is 

prevented. Cylinders have 2 principal curvatures: the inverse of the cylinder radius in the 

circumferential direction and zero in the longitudinal direction. In contrast, spherical surfaces have a 

constant surface curvature (i.e., the inverse of the radius of the sphere) in all directions (figure 4A). On 

cylindrical surfaces cells have the possibility to turn away from the curved direction and orient 

towards the zero-curvature longitudinal direction, whereas on spherical surfaces cells are forced to 

adapt their shape and cytoskeleton to the constant surface curvature. By comparing the actin 

cytoskeleton and phosphorylated myosin light chain intensity levels on cylindrical and spherical 

surfaces, we aimed to better understand the role of the cell’s F-actin-myosin machinery in curvature-

guided cell alignment. To this end, we produced spherical and cylindrical surfaces using the moulding 

technique described above coated with an isotropic fibrillar collagen network. We focused on the 

regime where cells responded strongest to substrate curvature (i.e., spheres and cylinders with a 

diameter of up to 1000 µm; see Figure 3). We then compared the acto-myosin cytoskeleton of cells in 

a situation where they either have to bend over (spheres) or have the possibility to turn away from a 

curved direction (cylinders).  
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Analysis of the signal intensities per cell revealed more pronounced stress fibres and 

significantly higher F-actin signal on cylindrical surfaces (red symbols and line) in comparison to 

spherical surfaces (green symbols and line), regardless of curvature magnitude (figure 4B-D). To 

check whether this higher F-actin signal is associated with enhanced contractility, we examined the 

level of phosphorylated myosin, which is known to reflect the degree of cellular contractile forces 

[40,41]. Interestingly, we observed the opposite trend: phosphorylated myosin intensity levels were 

significantly higher on spherical surfaces compared to cylindrical surfaces of the same diameter 

(figure 4E-G). Moreover, signal intensity for phosphorylated myosin light chain was depending on 

curvature magnitude with lowest values on structures with lowest curvatures (i.e. largest diameter) and 

increasing intensity with increasing curvature. This indicated that the formation of long and thick actin 

stress fibres that are required for cytoskeletal tension and hBMSC motility, is impeded by the 

curvature of the substrate. On cylindrical surfaces, cells make use of the possibility to turn away from 

directions of high curvature and preferentially establish F-actin fibres along the cylinder’s axis where 

curvature is reduced  (figure 4H, α=0°). This is especially true for small cylinder diameters. In strong 

contrast, cells on spherical surfaces have to obey to the maximal substrate curvature (that is identical 

to the situation when they wrap around cylinders of the same diameter in the circumferential 

direction). More generally, this points to a link between the 3D morphology of the cell (in this case, 

the degree of cell bending over a curved surface), the intracellular cytoskeletal organization, and the 

contractility state of the cell.  

 

Discussion 

In the present study, we systematically investigated the influence of multiscale geometrical cues on the 

migratory behaviour of hBMSCs. Single-cell migration was studied on a broad range of mesoscale 

substrate curvatures. The diameter of the mesoscale cylindrical surfaces in our study ranged from 250 

µm, which is around 2.5 times the diameter of hBMSCs in a spread state, to 5000 µm, approximately 

50x larger than the cell size. By introducing nanoscale cues (collagen fibrils) perpendicular to the 

direction of the mesoscale cues (PDMS cylinders), we studied the migration behaviour in a complex 
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multicue environment and gained insights into the length scales of geometry that control the decision-

making of cells concerning their direction of migration.   

In previous studies, microprinted lines and nano-grooved surfaces have been used to 

investigate the effect of multiscale contact guidance and geometrical confinement on cell behaviour in 

a 2D environment. A combination of 2D nanoscale and microscale geometrical cues enhanced the 

cellular alignment and elongation as well as collective migration speed and persistence when both 

nano-and microscale structures were directed in the same direction [25,42]. Furthermore, by the use of 

microcontact-printed adhesive lines (~1-2 µm) in a 2D environment, Gilchrist et al. showed that 

mesoscale geometric confinements featuring widths less than 500 µm could dominate microscale 

contact guidance [43]. Here, we studied the effect of conflicting 3D geometrical cues on the nanometre 

and the micrometre/millimetre scale respectively, that are of relevance for tissue regeneration, e.g. in a 

biomaterial-guided tissue engineering approach. The mesoscale cylinders served as a mimicry for 

tube-like structures often found in the body (e.g. the outside of vessels or myofibres) as well as in 

tissue engineering scaffolds. The collagen fibrils represent  nanoscale geometrical cues present in vivo. 

Our results show a transition point where curvature guidance overrules nanoscale contact guidance at 

cylinder diameters <1000 µm. Cells aligned and migrated along anisotropic collagen fibrils on flat and 

cylindrical surfaces with diameters ≥2000 µm, showed a random organization for cylinders with 

diameters of 1000-750 µm and were directed towards the cylinder axis on cylindrical surfaces with 

diameters ≤ 500 µm. The dominance of mesoscale cues reported by  Gilchrist et al. on 2D surfaces 

was driven by geometric confinement, as the cell layer had to adapt to a specific shape, dictated by the 

mesoscale pattern boundary dimensions. In contrast, in our experiments the cells could freely move on 

and off the cylindrical surfaces. The mesoscale dominance that we report here is therefore driven not 

by confinement but by curvature avoidance as a result of the 3D geometry. This highlights that, in 

addition to the well-known contact guidance by nano-/microcues, mesoscale curvature acts as a major 

deterministic factor in directed hBMSC migration.  

To better understand what mechanism drives mesoscale curvature guidance towards the 

longitudinal cylinder axis and how this can even overrule nanoscale contact guidance cues, we studied 

alterations of the cell’s cytoskeleton (F-actin, phosphorylated myosin) on curved surfaces via confocal 
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microscopy. Mechanical models have previously been used to predict that the response of a cell to a 

curved surface depends on the balance between stress fibre bending energy and cell contractility 

[44,45]. Biton et al. argued that it would be energetically favourable for a cell with strong stress fibres 

to orient its stress fibres along the cylinder longitudinal axis to avoid fibre bending [44]. Furthermore, 

Sanz-Herrera et al. concluded that bending or pre-deformation of actin filaments inhibits the 

contractile forces exerted by a cell [45]. We observed thick and aligned stress fibres in hBMSCs when 

they were oriented in the longitudinal, non-curved direction of a cylinder, while lower F-actin 

intensities were found when cells had to bend over the maximal curvature on spherical surfaces. 

Furthermore, we observed higher levels of myosin light chain phosphorylation, indicative of non-

muscle cell contractility [40,41], in cells bent over spherical surfaces compared to cells on cylinders. 

Additionally, phosphorylated myosin intensity levels increased with increasing curvature on both 

spherical and cylindrical surfaces. Dunn et al. previously proposed that actin filaments cannot operate 

in a bent situation [21]. They demonstrated that substrate curvature impairs the integrity of the F-actin 

cytoskeleton leading to fragmentation of F-actin fibres [21]. In addition, it was shown that stretching 

of F-actin leads to a higher binding affinity for non-muscle myosin II [46], while the disruption of 

actin filaments, caused a release of myosin II from the cytoskeleton [47]. A major function of myosin 

II is the formation of contractile forces in adhering and migrating cells [48].  Phosphorylation of 

regulatory myosin light chains activates myosin II filament activity [49]. The lower F-actin levels and 

higher phosphorylated myosin levels that we observed on spherical surfaces might therefore indicate 

that more myosin II had to bind to the actin cytoskeleton to create a stable and contractile cytoskeleton 

on curved substrates. We suggest that increased phosphorylated myosin levels were required to 

balance the reduction of F-actin stress fibres in order for the cell to maintain cytoskeletal tension and 

motility on curved substrates. As phosphorylation of myosin in the presence of actin enables enhanced 

ATPase activity within the motor domain [41], cells in a curvature-induced bent morphology might 

require more ATP to maintain a functional cytoskeleton. Accordingly, we speculate that the cell’s 

tendency to avoid high convex curvatures might represent a reorganization into an energetically more 

favourable morphological state.  
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In the presence of aligned fibrillar collagen, hBMSC migration is guided by nanoscale contact 

guidance. However, with decreasing cylinder diameter (and increasing maximal curvature in 

circumferential direction) cells that align with the collagen nanofibers would be forced into an 

increasingly bent morphology. The observation that above a certain curvature (here around a cylinder 

diameter of 1000 µm, i.e. a principal curvature of 1/500 µm
-1

) hBMSCs realigned towards the 

longitudinal cylinder axis might be the consequence of the cells strategy to find a configuration that 

facilitates the formation of thick, contractile stress fibres by avoiding high curvature. The fraction of 

F-actin fibres aligned in the direction of the cylinder axis increases with decreasing cylinder diameter 

as shown in figure 4H. The fibres will experience different curvatures depending on their angle 

relative to the cylinder axis, from 2/d in the circumferential direction to zero along the longitudinal 

direction of the cylinder. As visible from figure 4H, the angle-dependent surface curvature distribution 

(red line) is narrower on smaller cylinders than on larger cylinders. In other words, on smaller 

cylinders a certain curvature (virtual horizontal line across the graphs) is associated with lower angles 

relative to the cylinder axis compared to larger cylinders. The increasing cell alignment and migration 

along the cylinder axis with decreasing cylinder diameter can thus be interpreted as the consequence of 

the cell’s attempt to reduce F-actin fibre components along directions of high surface curvature. Thus, 

the observed curvature guidance effect is actually a curvature-avoidance mechanism of cells to 

rearrange the cell body towards a less bent morphology. However, as even polarized cells are not one-

dimensional objects but have a certain width they can never fully avoid the substrate curvature on 

cylindrical surfaces.  Furthermore, the natural tendency of cells to explore all possible directions 

counteracts a uniform alignment along the zero-curvature direction. Together, this might explain 

increasing levels of phosphorylated myosin with increasing curvature even though the cells tend to 

reduce their exposure to high curvature. 

The cellular response to curvatures will most likely be dependent on cell type and cell size. 

For instance, it was shown that endothelial cells wrap around fibres instead of aligning along the fibre 

direction [50,51]. A mechanical model predicted that epithelial cells wrap around cylindrical structures 

because these cells possess thinner stress fibres and/or higher cell contractility [44]. In contrast, cells 

with strong, thick stress fibres such as fibroblasts were predicted to align parallel to the longitudinal 
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axis of the cylindrical substrate, as it was demonstrated previously on cylinders with radii smaller or 

comparable with cell size [21,30,44]. Interestingly, it was recently shown that Rho-activation of 

vascular smooth muscle cells on cylinders led to thickened basal stress fibres and increased orientation 

in the circumferential direction [30]. This is remarkable since our results suggest that cells turn away 

from the circumferential direction precisely because they cannot form thick stress fibres along this 

highly curved direction. This indicates that the cellular orientation response varies between cell types. 

Further studies are necessary to better understand the role of cellular contractility in curvature 

guidance.  

In our experiments, the density of the collagen fibril network on the different cylindrical 

substrates was uniform (see supplementary figure 2). Nanoscale contact guidance cues were therefore 

constant, while mesoscale curvature guidance cues were varied using different cylinder diameters. In 

future studies, it will be interesting to explore the possibilities to vary collagen inter-fibril spacing or 

fibril thickness to investigate whether these parameters act as regulators in the directional migration 

response. In addition, investigating whether nanoscale fibrils aligned parallel to the longitudinal 

cylinder axis could lead to a synergistic curvature- and contact guidance effects, could be of interest in 

future studies since this may manifest in enhanced directionality or migration speed. Studying cell 

behaviour on concave next to convex cylindrical surfaces could reveal if cell orientation and migration 

show comparable directionality. This is particularly interesting as cells on concave surfaces have the 

possibility to avoid curvature by changing their adhesion morphology as we have shown previously on 

concave spherical surfaces [29]. As stiffness-controlled cell behaviour was reported concerning cell 

differentiation but also migration [52–54], studying the role of substrate stiffness in curvature 

guidance represents another interesting aspect for future investigations. This is especially true as the 

cytoskeleton, that we show here to be affected by surface curvature, plays a fundamental role in 

stiffness-sensation [52]. In our experiments, the stiffness of the underlying PDMS substrate was kept 

constant (around 1.5-2 MPa, Sylgard 184, 1:10 ratio crosslinker:PDMS [55]). By keeping the same 

PDMS preparation and collagen coating protocols across different experimental conditions (varying 

cylinder sizes), we made sure to only have one experimental variable (substrate curvature), implying 

that our observations are a consequence of geometrical rather than mechanical factors. The 
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experimental platform that we present here, however, provides the possibility to change the substrate 

stiffness to study combined effects of geometrical and mechanical cues. Furthermore, future 

alterations of the culture medium composition could introduce biochemical cues as a further 

dimension into this study (e.g. serum free medium, osteogenic medium).   

To summarize, we showed that hBMSC alignment and direction of migration is controlled by 

surface curvatures that are found on geometries much larger than the cell size. This curvature guidance 

can even overrule ‘conventional’ nanoscale contact guidance along aligned collagen fibrils. We 

propose that curvature guidance is driven by a mechanism where the cell tries to avoid a bent 

morphology to ease the formation of linear and functional cytoskeletal stress fibres (figure 5).   
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Figures 

 

Figure 1. Migratory response of hBMSCs to combined mesoscale and nanoscale geometrical cues was 

studied on cylindrical surfaces (d = 250-5000 µm) coated with thin collagen fibril networks (A). 

Collagen I fibrils were deposited on the curved cylindrical surfaces to create an anisotropic (B,C) or 

isotropic (D,E) fibrillar collagen coating. Scale bar = 20 µm. Collagen fibril orientation was 

reproducible as shown from the orientation histogram displaying the orientation of collagen fibrils on 

5 independent cylindrical surfaces (d=500 µm, error bars= standard deviation). SEM image of cell 

culture chip produced from PDMS showing cylindrical surfaces with diameters of 350, 500, 750 µm 

(F). Representative profilometry surface profile of the smooth curved PDMS surfaces (G). 
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Figure 2. Migration tracks and representative static images of hBMSCs stained for F-actin on flat and 

cylindrical substrates coated with either isotropic fibrillar collagen (A,B) or anisotropically aligned 

collagen fibrils (C,D). Scale bar = 100 µm. n>30 per experimental group. Cells show a random 

organization and migration behaviour on flat surfaces with an isotopic fibrillar collagen coating, 

become increasingly aligned and migrate in the direction of the cylinder axis as the cylinder diameter 

decreases (A,B). Cells align and migrate along anisotropic collagen fibrils on flat and large cylindrical 

surfaces (≥2000 µm), show a random organization at intermediate cylinder sizes (1000-750 µm) and 

follow the cylinder axis on small cylindrical surfaces (≤ 500 µm) (C,D).  
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Figure 3. Mesoscale curvature guidance can overrule nanoscale contact guidance in migrating 

hBMSCs. The maximal displacement (Feret diameters) of the individually migrating cells (n>30 per 

experimental group) along the cylinder axis (dx) and in the circumferential direction (dy) was analysed 

(A). On isotropically coated substrates, cells increasingly migrated along the direction of the cylinder 

axis as the cylinder diameter decreases (i.e. substrate curvature increases) (B). Cells on substrates with 

anisotropic collagen fibrils show a gradual shift in the direction of migration (C). Error bars = 95% 

confidence interval. Two-way ANOVA analysis with Bonferroni posthoc test was used to assess 

differences between the migration coverages in the x and y directions (dx and dy) on the various 

cylindrical substrates. *p<0.05.  The ratio of displacement of the migrating cells in x- and y-direction 

shows the increasing influence of surface curvature on the direction of migration as the curvature 

increases. The transition point where curvature guidance (along the x-direction) overrules nanoscale 

contact guidance (in the y direction) was found at cylindrical structures with a diameter of around 

1000 µm (intersection point with dashed line indicating dx/dy=1). At this point, the cylinder diameter 

is approximately 10x bigger than the size of a spread hBMSC (D). Error band in shaded colour = 95% 

confidence interval. hBMSC migration speed shows an increasing trend with increasing surface 

curvature on cylindrical substrates coated with isotropic fibrillar collagen. One-way ANOVA analysis 

with Bonferroni posthoc test was used to assess differences between migration speeds on the 

cylindrical surfaces and a flat surface. *p≤0.05. Error bars = 95% confidence interval (E).   
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Figure 4. hBMSCs have higher F-actin intensity levels and lower levels of myosin light chain 

phosphorylation (p-myosin) when aligned on cylinders in comparison to when cells have to obey to 

the maximal curvature of the substrate. The radius of curvature is infinite in the longitudinal direction 

of a cylinder, resulting in zero curvature. While the curvature in the circumferential direction is the 
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inverse of the cylinder radius. For a spherical surface, the principle curvature is defined as the inverse 

of the radius and equal in every direction. The curvature of the spherical surfaces is identical with the 

maximum curvature in the circumferential direction of cylinders for a given radius (A). Representative 

immunohistochemical images of F-actin and phosphorylated myosin in hBMSCs on a cylindrical 

surface (B,E) and a spherical surface (C,F) for d = 300 µm. Scale bar = 100 μm. Dashed lines 

highlight the contour of the cylindrical and spherical surfaces. Intensity levels of F-actin (D) and 

phosphorylated myosin (G) per cell were analysed and presented relative to intensity levels of cells on 

flat surfaces. All structures were coated with isotropic fibrillar collagen. Error bars = 95% confidence 

interval. Two-way ANOVA analysis with Bonferroni posthoc test was used to assess differences 

between the actin and phosphorylated myosin intensity values on the various cylindrical substrates. F-

actin intensity levels were significantly higher in cells on cylindrical surfaces compared to cells on 

spherical surfaces (D), while phosphorylated myosin intensity levels were significantly higher in cells 

on spherical surfaces, compared to on cylindrical surfaces (G). No significant differences were found 

in F-actin/phosphorylated myosin intensity levels between different sphere/cylinder diameters. 

*p≤0.05. Distribution of F-actin fibre orientation (black line) and orientation-dependent surface 

curvature  (red line) on a flat surface and on cylindrical surfaces with diameters of d=1000, d=600 

and d=300 µm (n≥ 6). Error band = 95% confidence interval (H). 

 

 

Figure 5. Schematic representation of the combined effect of contact guidance and curvature guidance 

cues on cellular orientation and the proposed curvature-induced changes in the acto-myosin 

cytoskeleton.  
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Supplementary figure 1. Optical profilometry images of a cylindrical surface (d = 500 µm) without 

(A,B) and with (C,D) the addition of the thin extra PDMS layer. 
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Supplementary figure 2. Images of anisotropic fibrillar collagen coating on cylindrical substrates 

with diameters of 350, 500, 750 and 1000 µm (left) and the corresponding collagen fibre orientation 

histogram of the image (right). The collagen fibre network completely covered the curved surfaces and 

the density of the collagen fibril network was uniform on the different cylindrical substrates.  
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Supplementary figure 3. Calculation of the curvature that a projected linear element (e.g. F-actin 

fibre, green) would be exposed to on top of a cylindrical surface, depending on its orientation (angle α) 

relative to the cylinder axis. The bent shape is approximated as an ellipse (intersection of planes with 

different orientation angles and the cylinder’s surface). The curvature of interest is the lowest 

curvature of the ellipse (at φ=90°). 


