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CHAPTER 1 
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1.1 Cells and their microenvironment 
 
The microenvironment cells live in is complicated and dynamic, consisting of various physical and 
biochemical factors. Generally, main elements of the microenvironment comprise of straightforward 
contact between cells, growth factors, extracellular matrix (ECM), and physical parameters, e.g., mechanical 
property, topography (geometry and size) (Figure 1). Researchers payed much attention to cell-cell 
interaction and ECM factor, and it is well documented that these two cues have a significant influence on 
stem cell behaviors, e.g. cell adhesion, spreading, proliferation, migration, and differentiation. In this section, 
we will mainly introduce these two factors. 

 

 
Figure 1. Composition of the stem cell niche1. 

 
1.1.1 Cell-cell contact 
 
In stem cell niche, interaction between stem cells and adjacent cells includes direct, mediated by physical 
interactions, and indirect, mediated by secreted factors. Receptors, e.g., cell-cell adhesion molecules1, play 
an important role in the situation of direct interaction. Many researchers have demonstrated the critical 
effect of interaction between neighboring cells on the behaviors of mesenchymal stem cells (MSC). For 
instance, the capacity of osteogenic differentiation is enhanced when co-culturing MSCs with osteoblasts2. 
Furthermore, direct interaction between different types of cells could also change the lineage commitment 
of MSCs3. In addition, cell-cell interaction between same type of cells is also crucial4,5. For example, Mooney 
et al.6 investigated the effect of cell interaction on osteogenic differentiation of MSCs by designing a 
patterning approach. Interestingly, the expression of alkaline phosphatase (ALP), a marker for the initial 
stage of osteogenic differentiation, accelerated when cell interaction is in a direct way and also grown on a 
stiffer surface. Taken together, these different behaviors emphasize the important role of cell-cell contact 
during stem cell differentiation. 
 
1.1.2 Extracellular matrix 
 
ECM is a complex network and mainly composed of proteoglycans, i.e. glycosaminoglycans (GAGs), and 
various proteins, for example, collagen, fibronectin, and laminin. ECM provides structural support, and also 
adjusts various cell behaviors7. There is increasing evidence showing that ECM modulates cell functions 
through stiffness, topography, and biochemical cues of the ECM. Recently, researchers start to pay more 
attention to fabricate derived extracellular matrix (dECM) to mimic the native microenvironment of stem 
cell niche. It is demonstrated that dECM is able to maintain the biochemical and physical properties8 and 
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plays a crucial role in modulating cell adhesion9, proliferation, and migration10, stemness11, and fate 
commitment of stem cells12,13. Therefore, dECM has been widely used as substrate or scaffold for tissue 
engineering and regenerative medicine. 
 
1.2 Cell sense the materials 
 
It has been demonstrated that the interaction between cells and ECM is dynamic14, through 
mechanotransduction (Figure 2), which is dependent on the mechanical property, and architecture15. 
Traction forces exerted by cells through the mechanotransduction will change cell contractility and also 
related gene expression to modulate cell behaviors (e.g., cell spreading, migration, apoptosis, and 
differentiation,)16.  

 
Figure 2. mechanical stimulation is converted into chemical signals by mechanotransduction, to further 
modulate various cell behaviors14. 
 
1.3 Cells interact with biomaterials 
 
1.3.1 (Bio)Chemical cues 
 
Chemical properties of biomaterials play an important role in the cell attachment and the following cellular 
responses17. The absence of cell adhesion cues may give rise to cell damage and other adverse cell behaviors18. 
Therefore, regulating the interactions between cell and biomaterial through surface chemistry is essential for 
the applications of biomaterials19. Different kinds of surface chemistry have been prepared by researchers, 
for instance, –COOH20, −NH221, plasma polymer19,22–24, PEG25–27, −CH3/−OH/−NH228.  
 
Many researchers highlight the essential role of protein adsorption in the interaction process between cells 
and material. It is generally recognized that cell adhesion onto the surface is followed after the adsorption 
of protein29,30. Therefore, the protein performs as a bridge between cells and surfaces. The ECM contains 
cell adhesion ligands, e.g., proteins. Recently, cellular adhesion proteins or peptides have been used to 
modify the biomaterial surface to better mimic the surrounding environment of cells in vitro, for instance, 
ECM component (collagen31,32, fibronection33, gelatin34), Matrigel35, GRGDS36, GYIGSR37, IKVAV38,39, N-
cadherin40, and E-cadherin41,42. Recently, researchers start to pay more attention to cell adhesion molecules 
(CAMs), e.g., cadherins. Therefore, cadherins are becoming more attractive for modulating cell behavior43.  
 
1.3.2 Mechanical cues 
 
In vivo, different tissues have varied mechanical properties, changing from ∼1 kPa for soft tissue, e.g., brain44, 
to ∼10 GPa in stiff tissue, e.g., bone45,46. After the first investigation by Wang et al.47 that substrate stiffness 
of the surrounding environment has an important influence on the spreading, shape, and motility of cells 
(kidney epithelial cells and 3T3 fibroblasts), many researchers have also demonstrated that cell behaviors, 
such as adhesion, stemness, and lineage commitment, are dependent on the mechanical properties. To 
prepare substrates with different stiffness value, diverse methods have been proposed, for example, collagen 
gel based on crosslinking48, PDMS with different ratios of base:cross-linker, polyacrylamide hydrogel cross-
linked by UV49.  
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It is well known that cell responses are dynamic in vivo, and researchers demonstrate that substrate stiffening 
is extremely crucial for various biological processes (e.g., fibrosis50, tumorigenesis51 and tissue remodeling 
during wound healing52), however, most research are static in vitro. Therefore, to better understand these 
processes, it is very interesting to temporally change surface stiffness. Burdick et al.53,54 and Anseth et al.55–

57 did excellent research on this. For instance, with stiffening (from ∼3 kPa to ∼200 kPa), spreading area of 
cells was enhanced. In addition, C2C12 mouse myoblasts were cultured in dynamic stiffening of substrate, 
and displayed lower nuclear localization of Yes-associated protein (YAP)55. 
 
1.3.3 Topography cues 
 
It is well established that physical cues including nano/micro-scale topographical structures have profound 
effects on various cell responses58,59. The structure of the substrate can modulate cell orientation or 
migration via contact guidance60,61. To better mimic the architecture of native extracellular matrix in vivo, 
researchers have prepared different kind of structures, for instance, isotropic (roughness62, porosity63) and 
anisotropic ones (grating64, pillar65, wrinkle66). Furthermore, many studies have highlighted that the cell fate 
can be modulated by the size of topography.  
 
Recently, more researchers focus on the investigation of stem cell differentiation stimulated by hierarchical 
structures. In vivo, the ECM architecture of some tissues, e.g., bone, and nerve, consists of complicated and 
anisotropically hierarchical architecture with nano/micrometer size. Furthermore, patterns composed of 
hierarchical architecture enable adequate modulation of stem cell behaviors by controlling remodeling of 
the fiber actin and assembling of focal adhesion protein67,68. Therefore, the hierarchically nano/micro sized 
architecture is an important factor for modulating various cell behaviors, providing deeper insight to 
fabricate synthetic materials. 
 
1.4 Osteogenesis and neurogenesis of stem cells in clinical applications 
 
Bone has the ability to self-repair and remodel. However, one-third of the people experience bone fractures 
during their life, in which 10% of the cases cannot spontaneously recover, so they need external clinical 
treatment69. Current clinical treatments for nonunion fractures include autografts and allografts. However, 
they are limited due to insufficient supply, infections, and immunological reactions70. Therefore, bone tissue 
engineering, which comprises of cells, growth factors, and scaffolds, has been a hopeful approach to 
improve bone regeneration while overcoming the limitations of current treatment strategies.  
 
In addition, stem cell-based tissue engineering also provide a strategy for treating neuron disease, for 
example, severe spinal cord injury (SCI), and around 1 million people annually suffer from this due to sports-
related injuries, motor vehicle crashes, falls, and violent acts71. Importantly, adult mammalian central 
nervous system neurons do not have the ability for spontaneous regeneration after injury72. Therefore, 
regeneration of neurogenesis following SCI is one of the most challenging problems in clinical research. 
 
In both osteogenesis and neurogenesis, topography is known to play a major role and even though much is 
known about it, even more is still unknown, unexplored, and undiscovered. 
 
1.5 Aim of this thesis 
 
The general aim of this thesis is to elucidate how topography as a complex stimuli is able to direct the lineage 
commitment of stem cells for improving and accelerating the development of biomimetic materials. For 
this purpose, uniform wrinkle surfaces and wrinkle gradients are developed to study the effect on 
osteogenesis and neurogenesis of human bone marrow-derived mesenchymal stem cells. In addition, we 
also explore the relationship between cell shape, cell stiffness, and differentiation to identify the influence 
of topography-mediated morphological alterations and the influence on the physical properties of the cell 
such as the stiffness during this process. Also by identifying the related signaling proteins (focal adhesions, 
cell contractility, and YAP) more insight is gained into the mechanism for different differentiation capacity. 
Furthermore, biochemical cues were introduced as another mode of stimulation to possibly further control 
cell behavior and enhance differentiation capacity.  
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1.6 Outline of this thesis 
 
Chapter 1 gives a basic overview of core concepts on the surrounding environment of cells and important 
cues, e.g., bio-(chemistry), stiffness, and topography, on the (stem) cell interaction and differentiation and 
provides the aim of this thesis. 
In Chapter 2, we provide an in-depth look into the recent progress of 2D/3D high-throughput screening 
(HTS) platforms in the principle, preparation, and the screening cell behaviors, e.g., cell proliferation, 
adhesion, and differentiation using various important physicochemical cues induced by the material itself. 
In Chapter 3, the relationship between cell shape, cell stiffness, and osteogenesis of stem cells was 
investigated, which provides deeper understanding for how cell stiffness, mediated by topography, 
modulates the fate of stem cells. 
In Chapter 4, the focus is on aligned topography and the realization that topography as a single parameter 
is in fact constructed of several features, each of which could be considered as a separate parameter. We 
developed PDMS-based wrinkled topography gradients and decoupled the wavelength and amplitude, and 
then integrated with the bottomless 96-well plate to constitute the wrinkled HTS platform to screen the 
optimum parameters for osteogenic differentiation. 
Inspired by the fact that the ECM architecture of bone and nerve tissue in vivo, is composed of complicated 
and anisotropically hierarchical structure, in Chapter 5, via high-throughput screening (HTS) methods 
based on topography gradients, the optimum topography was determined and translated towards a 
hierarchical architecture to mimic the nerve nano/micro structure. In Chapter 6, the multiscale hierarchical 
topography is achieved to mimic the collagen nano/micro hierarchical topography to investigate the role in 
osteogenesis without the biochemical and mechanical factors. 
As cell-derived matrices could closely mimic the native ECM, the synergistic influence of cell-derived 
extracellular matrix and topography on osteogenic differentiation of stem cells are studied (Chapter 7). This 
thesis finalizes with a general conclusion and discussion on how this thesis impacts the current scientific 
knowledge (Chapter 8). 
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2.1 Introduction 
 
It is well-known that cells sense extrinsic signals, e.g., physical cues (e.g., mechanical properties, wettability, 
topography), (bio)chemical stimuli (e.g., material composition and proteins), or other signals, and these 
signals adjust various cellular behaviors, including adhesion, proliferation, differentiation1. Initially, many 
researchers prepared independent substrates/samples composed of randomly chosen degrees of biomaterial 
properties, providing interesting yet limited information. In addition, such investigations requires 
tremendous amount of time and effort. Therefore, the traditional methods are not able to screen the huge 
amount of possible material property combinations to identify the optimal cell responses. 
In recent years, high-throughput screening (HTS) methods (e.g., gradient) provide an ideal strategy to 
analyze thousands of combinations of interactions between cells and biomaterials on one substrate2–11. Many 
researchers fabricated gradient surfaces comprising of varied material properties (e.g., mechanical property, 
architecture, wettability, or chemical/biochemical composition) to determine the optimal cell behaviors (for 
example, adhesion, spreading, migration, and differentiation)12–20. Although, many other excellent HTS 
approaches concerning biomaterials discovery have been developed, which are all timesaving, expedite 
analysis procedures, combines multiple factors on a single platform, and minimizes systematic or 
methodological errors, here we focus on gradient-based platforms. In this review, we will introduce and 
discuss the influence of physicochemical (i.e., topography, stiffness) and (bio)chemical properties on various 
cell behaviors, e.g., adhesion, proliferation, and differentiation.  
 
2.2 Physicochemical influences on macroscopic cell behaviors  
 
Cell adhesion is the first step and a critical requirement for anchorage-dependent cells to survive, proliferate, 
and consequently functionalize or differentiate on a substrate. Poor adherence of  these cells to substrates 
causes cell quiescence or even apoptosis21. Therefore, cell adhesion is regarded as the initial indicator of  cell 
interplay with its surrounding microenvironments, which precedes all other cellular behaviors. Following 
cell adhesion, they start to conform to the microenvironments, which could result in transformation in cell 
morphology, spreading, orientation, migration, and eventually stem cell differentiation.  
 
2.2.1 Stiffness gradient approaches for macroscopic cell behaviors 
 
Mechanical property of  biomaterials play a substantial role and influence cell adhesion and proliferation. 
Generally, for cell adhesion, there is less cell spreading area when cultured on soft substrate19,22,23, possibly 
because of  fewer stress fibers and focal adhesions, however, cells show increased cell contractility and 
spreading when cultured on a stiff  substrate24. In addition, cells show better proliferation on the stiff  region 
compared to the soft part when cultured on stiffness gradient substrates. 
Kim et al.19 prepared a mechanical gradient varying from 1 to 24 kPa composed of  polyvinyl alcohol (PVA) 
hydrogels to explore adhesion and proliferation of  hMSCs. The results in (Figure 1A) shows that there is 
no significant difference for original cell adhesion, and that stiffer hydrogel sections allow for better cell 
proliferation compared to the softer parts. After 4 weeks, cells exhibited better adhesion and spreading when 
grown on the stiffer region, while cells showed elongated shape on the softer part. While this study used a 
gradient spanning one order of  magnitude, other researchers prepared stiffness gradient with spanning 
several orders more. For example, Oh et al. found a similar cell response of  MSCs with stiffness gradient 
ranging between 20−200 kPa, indicating that there was no obvious change for cell adhesion after one day, 
but that cells on the stiffer regions displayed increased cell proliferation compared to those on the softer 
parts (Figure 1B). In addition to MSCs, fibroblasts showed a similar response to stiffness. Sunyer et al.23 
prepared a hydrogel composed of  broad stiffness gradient ranging from 1 to 240 kPa and found that material 
stiffness has a significant effect on cell spreading.  
For the softer region, cells displayed a circular shape and weak spreading. Conversely, cells showed better 
attachment and spreading on the stiffer region. In addition to stiffness in the range of  kPa, researchers also 
studied the cell response on substrates with stiffness in the MPa range. Hopp and co-workers20 showed that 
adhesion of  fibroblasts also depend on the stiffness of  the substrate. Cells attached much better and 
proliferated quicker when grown on the stiffer parts (110 MPa). Cells grown on the softer parts (0.5 MPa) 
displayed a weaker actin structure compared to the more organized cytoskeleton fibers for cells grown on 
stiffer regions (Figure 1C). 
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Figure 1. (A) (a) DNA contents of  hBMSC grown on the stiffness gradient for different days and (b) 
immunofluorescence staining of  hBMSCs after culturing for 28 days. Reprinted with permission from ref  
19. (B) DNA contents of  hBMSC cultured on the stiffness gradient for different time. Reprinted with 
permission from ref  25. (C) (a) Fluorescent images of  stained human dermal fibroblasts (HDFs) across the 
gradient after 24 h attachment, and (b) after 6 days proliferation, respectively. Cell density of  HDF after (c) 
1 day and (d) 6 days. Blue for cell nucleus and green for cytoskeleton. Reprinted with permission from ref  
20. 
 
2.2.2 Topography gradient approaches for macroscopic cell behaviors 
 
It has been demonstrated that surface topography of  biomaterials have a crucial influence on various cell 
behaviors such as morphology26–28, adhesion29, and proliferation30,31. In particular, gratings are a common 
and popular model to study the influence of  nano-topography on cellular behavior and function32. Kim et 
al.32 prepared micro- and nano-topographic arrays comprising of  different densities (fixed width for ridge 
and depth, and varied widths for groove (1∼ 9.1 µm)), and the elongation and orientation of  fibroblast were 
susceptive to them. For example, fibroblasts showed higher degree of  orientation on denser parts compared 
to cells grown on parts with lower density of  surface structures. In addition to density, the height also plays 
an important influence on cellular behaviors. Lin-Gibson et al.33 cultured MC3T3-E1 murine preosteoblasts 
onto nanograting gradient (height (H) ranging from 0 to 350 nm), and found that cells grown on lower 
height (H<30 nm) showed a lower degree of  orientation compared with those on higher height. 
Compared to the grating patterned surface consisting of  sharpened corners, which is not supportive for cell 
attachment, wavy-like architectures (e.g., wrinkle) may more appropriately mimic the natural structure of  
ECM34,35. Zhou et al. 15 prepared directional wrinkle gradients (amplitudes increasing from 0.1 to 260 nm 
and wavelengths changing from 200 to 1087 nm), and found that topography with lower amplitude and 
smaller wavelength is better for osteoblast attachment, and higher amplitude and wavelength benefit for cell 
orientation. Furthermore, the authors proposed a new method translating PDMS-based wrinkle gradients 
to inorganic surface (SiO2, TiO2, CrO3, and Al2O3)36. Results showed that the optimum parameter for 
improving hBM-MSC behaviors, e.g., orientation, focal adhesion assembly, was different for the different 
materials used (Figure 2A). From the evidence mentioned above, anisotropic structure, e.g., grating, wrinkle, 
have an important influence on cell behaviors. 
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In addition to topography with a specific orientation, more random-like topography without specific 
orientations such as roughness are often used, also because they are more easily applied because of  the use 
of  etching techniques. However, cell responses found throughout many studies were different or even 
opposite with similar topography but using different cell types. For example, Faia-Torres et al.37 explored 
the morphology of  MSCs on a roughness gradient. They found that cell perimeter was enhanced with 
increasing roughness (Figure 2B). Kunzler et al.38 also studied the response of  osteoblast and fibroblast 
using a similar roughness gradient. However, the response for the two cell types is different. For osteoblasts, 
cell proliferation rate markedly increased with increasing surface roughness, and the cell area increased 
significantly when the extent of  roughness became lower. Interestingly, fibroblasts displayed the inverse 
trend for proliferation, and higher level of  roughness reduced cell proliferation. For similar roughness 
gradients, different groups obtained contradictory results. Washburn et al. 39 showed that the smoother parts 
of  the roughness gradient increased the proliferation rate of  MC3T3-E1 cells compared with rough parts. 
Furthermore, there was no distinct difference for cell spreading, density of  focal adhesion. 
In addition, pore size also has a crucial influence on cell macroscopic behaviors. Wang et al.17 prepared a 
pore size gradient ranging from 29−226 nm in diameter, and found that rat MSCs showed a weaker 
attachment for the smaller pore size parts, and increased towards the larger pore size direction. However, 
cell proliferation was not affected by the surface topography. In another study, they also prepared a pore 
size gradient increasing from 50 nm to 3 μm40, and found the density and spreading area of  MSCs decreased 
with increasing pore size. These results demonstrate that pore size with different orders of  magnitude could 
result in different cell responses. In addition to small pore size, other research groups also engineered large 
pore sizes and investigated the response of  different cell types. Oh et al.41 fabricated a pore gradient with 
larger pore sizes (88−405 μm). The substrate with 380−405 μm facilitated cell expansion for chondrocytes 
and osteoblasts, while 186−200 μm was beneficial for fibroblasts. However, using the similar pore size 
gradient (90−400 μm)42, the same group found larger pore size down-regulate the proliferation of  stem cells. 
These evidence show that pore size gradient is a good platform for studying cell-biomaterial interactions. 
In addition, several groups investigated cell response mediated by nanoparticle-density gradients. Kunzler 
et al.43 seeded osteoblasts onto particle-density gradients (73 nm in diameter) and found a significantly 
diminished cell quantity on regions with higher density of  particles, and lower density of  particles improved 
cell spreading and formation of  cytoskeleton structure. However, reverse cell response was found by 
Bachhuka and co-workers44. In their study, they fabricated gold nanoparticles with diameters of  16, 38, or 
68 nm. The results showed that regions with a higher density of  nanoparticles enhanced the attachment and 
proliferation rate of  human dental pulp derived stem cells. In addition to nanoparticles, Xia et al.45 prepared 
a density gradient of  microparticles (3 μm for diameter) and studied the effect on neurite growth. The 
moderate roughness increased the length of  neurite compared to low and high degree of  roughness. The 
optimum roughness with an Ra value of  594 ± 89 nm was identified for the maximized cell adhesion and 
neurite extension. These results show that cell adhesion and proliferation are significantly dependent on 
particle size and cell types. 
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Figure 2. (A) a. Fluorescent staining of  the gradients. Red color is for cytoskeleton. b. Cell macroscopic 
behaviors. Reprinted with permission from ref  36. (B) a. SEM of  the polycaprolactone roughness gradient. 
b. F-actin staining at day 4. c. Quantified cell perimeter along the gradient after 4 days. Reprinted with 
permission from ref  37.  
 
2.2.3 (Bio-)chemistry gradient approaches for macroscopic cell behaviors  
 
In addition to physical cues, it is also well documented that (bio)chemical cues play an important role in 
modulating cell behaviors. Surfaces with different kinds of  (bio-)chemistry have been prepared, for example, 
density of  poly(ethylene glycol) brushes46, Fn4748, laminin49, gelatin50, collagen type I (COL1), and 
osteopontin (OPN)51, osteogenic growth peptide (OGP)52, RGD53, −CH354, −COOH55, plasma polymerised 
hexane56, Acrylic acid/ diethylene glycol dimethyl ether57, poly(L-lactic acid)/ poly(D,L-lactic acid) blends58, 
poly(caprolactone) and poly(D,L-lactide)59, poly(2-hydroxyethyl methacrylate)60. Mohan et al.54 fabricated 
chemistry gradients on the surface of  PDMS, and water contact angle (WCA) increased from ~10° to ~100°. 
Their results showed that the spreading of  fibrolasts was weaker when grown on hydrophilic region and 
better on the hydrophobic part. However, other researchers obtained different results. Zelzer et al.56 also 
fabricated chemical gradient with varied WCA. WCA ∼60° facilitated the attachment and proliferation of  
fibroblasts compared with WCA ∼93°. Similar results were achieved by the same research group by 
preparing a wettability gradient between <10° and 98°61, and found that cell density decreased from the 
hydrophilic side to the hydrophobic side. In addition to chemical cues, biochemistry signals, e.g., proteins or 
protein composition could also modulate various cell behaviors. Ghaemi et al.51 prepared density gradients 
of  osteopontin (OPN) and collagen type I (COL1), and the results (Figure 3A) showed that the COL1 
gradient from 78.5 to 124.2 ng/cm2 facilitated the attachment and proliferation of  MSCs and there was no 
prominent difference detected when cells were seeded onto region with higher density of  COL1. For the 
OPN gradient, the trend was similar as for COL1, and the best density for prompting cell attachment was 
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20.7 ng/cm2. These results demonstrate that cell adhesion and proliferation are appreciably dependent on 
the protein concentration. 
Several groups used plasma polymer depostion, e.g., allylamine (AA), octadiene (OD), and diethylene glycol 
(DG) to fabricate chemical gradients. Vasilev et al.62 prepared OD−AA gradient (ratio of  N/C between 0.04 
and 0.16), and the regions riched in AA enhanced the attachment and cell spreading of  stem cells under 
normal culture medium with serum. However, the differences were significant when serum containing 
medium was used and all differences were lost under serum-free condition, which indicates that preferred 
adsorption of  serum proteins plays an determining role here. A similar trend was found by Short and co-
workers63, that is the attachment of  mouse embryonic stem cell increased from the OD to the AA region. 
However, Voelcker et al.64 found the attachment of  embryonic stem cell prompted with increasing N/C 
ratio to 0.1, and higher level of  ratio was harmful for cell attachment. Furthermore, the group of  Voelcker 
also developed an AA−DG gradient65 and found that the attachment of  embryonic stem cells depend on 
the gradient. Cell attachment decreased from the region riched in AA to the region riched in DG. Similar 
conclusion could be obtained when using different cell types. For instance, in another study, Voelcker et al.57 
developed OD–AA and AA–DG gradients simultaneously. MSCs density decreased from AA to OD, and 
from AA to DG end (Figure 3B). Taken together, these results demonstrate that (bio)chemical cues have 
a significant influence on cell macroscopic behaviors. 
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Figure 3. (A) Attachment of  MSC on (a) COL1 and (b) OPN gradient after 5 h. Reprinted with permission 
from ref  51. (B) Cell morphology on (a) OD–AA and (b) AA–DG gradient. Quantification for cell number 
after 1 day and 6 days was displayed in (c) and (d), respectively. Reprinted with permission from ref  57. 
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2.2.4 Multiparameter gradient approaches for macroscopic cell behaviors 
 
In addition to the single parameter gradients, researchers also prepared multiparameter gradient platforms, 
for example, orthogonal nanometer-micrometer roughness gradients12, orthogonal chemistry-topography 
gradient66, orthogonal topography and surface chemistry gradients67,68. Huethorst et al.69 investigated the 
influence of  orthogonal topography on the morphology of  cardiomyocyte. The width of  the grating 
(horizontally) increased from 8 to 100 μm and the deepness (vertically) from ∼5 nm to ∼1 μm. Compared 
to a flat surface, deeper and wider gratings facilitated alignment and stretching of  cardiomyocyte. Yang and 
co-workers68 reported a versatile combinatorial method to explore cell-surface interactions, and the system 
consists orthogonal chemical (WCA: 60°−90°) and topographical gradients (the widths of  the grooves 
increasing from 5 to 95 μm, and 5 μm for ridge width). They used 3T3 dermal fibroblast as a model cell 
type and found that after 2 and 3 days cell culture, WCA of  68°−76° and groove widths of  40−60 μm had 
the highest cell coverage and greatest proliferation rate. Furthermore, the van Rijn group prepared an 
orthogonal double gradient (stiffness: 6–89 MPa; WCA: 29°–90°)70. The optimum parameter for cell 
attachment was WCA: 35°–39° and stiffness: 8.2–9.3 MPa, stiffness: 8–50 MPa and WCA: 79°–85° for 
largest cell area, and stiffness: 40–89 MPa and WCA: 29°–34° for maximum expression of  vinculin. These 
evidences highlight that the orthogonal double gradient approach is a powerful tool for identifying optimum 
parameters for specific cell behaviors, therefore accelerating the development of  high-performance 
biomaterials.   
 
2.3 Physicochemical influences on stem cell differentiation 
 
The microenvironment in which cells reside is complicated and dynamic. It is extremely important for stem 
cells to differentiate into different types of  cells in tissue engineering and regenerative medicine. The 
microenvironment of  the stem cell niche is important for regulating and controlling the fate of  stem cells. 
The microenvironment is composed of  stem cells, growth factors, and ECM71.  
It was shown that physical properties (for instance, substrate stiffness, and topography) and (bio)chemistry 
of  biomaterials significantly affect stem cell behaviors. So far, many studies examined the influence of  these 
parameters on stem cell differentiation via an HTS approach. 
 
2.3.1 Stiffness gradient approaches for stem cell differentiation 
 
In vivo, tissues have a broad range of  mechanical properties, for instance, ~1 kPa for brain72 and ~10 GPa 
for bone73,74. Stiffness of  biomaterials is a crucial factor for regulating stem cell fate75–78. Many researchers 
prepared different kinds of  materials and stiffness gradients of  different ranges to study the influence on 
stem cell differentiation19,25,79,80. Polyacrylamide (PAAm) hydrogels have been widely used as a mechanically 
tunable substrate. For example, Engler et.al 81 prepared PAAm stiffness gradient which ranged from 1−14 
kPa, and the stiffer region enhanced myogenic differentiation of  MSCs. However, this kind of  material may 
induce cytotoxicity82,83 and the surface always requires a protein coating process. 
Freeze-thaw cycles facilitate liquid polyvinyl alcohol (PVA) to form a hydrogel84. Kim et al.19 prepared PVA 
hydrogel with stiffness gradients (from 1 to 24 kPa). Softer region enhanced neuron differentiation while 
the stiffer region improved osteogenic differentiation of  MSCs (Figure 4A). Furthermore, the same 
research group also prepared PVA/hyaluronic acid stiffness gradient with a broad stiffness range of  20−200 
kPa with the same method25. The results (Figure 4B) showed that the optimum mechanical value for 
neurogenesis, myogenesis, chondrogenesis, and osteogenesis of  MSCs was ~20 kPa, ~40 kPa, ~80 kPa, and 
~190 kPa, respectively. The mechanical property of  hydrogels mentioned above is always around kPa, and 
it is very soft compared to the stiffness of  some tissues in vivo74. As stem cells probably become a particular 
cell type on the surface of  a biomaterial with a similar value as tissue in vivo85,86, enlarging the range of  
stiffness gradient is important and necessary. 



19 
 

 
Figure 4. (A) Immunofluorescent staining of  hBMSC grown on 1−24 kPa gradient after 28 days and the 
results for quantitation. Reprinted with permission from ref  19. (B) Immunofluorescent staining of  hBMSC 
grown on 20−200 kPa gradient after 2 and 4 weeks. Reprinted with permission from ref  25. 
 
PDMS is a common and popular biomaterial suitable for many applications87–90. Compared to hydrogels, 
PDMS is stable under liquid environment, helpful for preparing stiffness gradient91. In addition, the stiffness 
value of  this material is always about kPa or MPa92, much higher than the mechanical value of  hydrogel. 
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Wang et al.80 fabricated stiffness gradients with PDMS (190 kPa−3.1 MPa) to investigate osteogenesis of  
MSCs. After 1 week of  culturing cells in differentiation medium, stiffer region enhanced osteogenic 
differentiation compared to the softer region, evaluated by Alizarin Red staining. Taken together, the 
stiffness gradient is a convenient platform for screening the best mechanical value for fate commitment of  
stem cells, therefore helpful for designing of  biomaterials in vitro. 
 
2.3.2 Topography gradient approaches for stem cell differentiation 
 
It is well known that topography can adjust various cell behaviors and stem cell fate93. In this part, we will 
focus on the stem cell differentiation stimulated by anisotropic and isotropic topography, which has been 
studied using gradients.  
For anisotropic gradients, ECM architecture of  some tissues, e.g., nerve, bone, vessel, muscle, comprise 
complicated and parallel structure94. Wave-like structure gradient with height between 541 and 3073 nm and 
wavelengths increasing from 4 to 30 μm were used to study the fate commitment of  MSCs towards neuron 
lineage95. They found that the substrate with wavelength 26 μm/height 2.9 μm was optimum for neuron 
differentiation (Figure 5A). These results demonstrate that anisotropic gradient platform can serve as an 
effective system to obtain the optimum parameter for specific cellular behaviors, which could improve 
regenerative medicine of  stem cell therapies. 
For the isotropic gradient, structures such as roughness37,96, nanoparticle44, nanotube97, and pore size17,40 are 
the commonly used models to study their effect on stem cell fate. Roughness of  the biomaterial surface is 
one of  the most important parameters for successful osteointegration98. Faia-Torres et al.37 investigated the 
effect of  roughness gradients (Ra: ~0.5−4.7 μm) on the osteogenesis of  MSCs under differentiation medium. 
They found that specific roughness (Ra: ~2.1−3.1 μm) was the optimum for improving osteogenesis of  
MSCs (Figure 5B). Soluble factors also play an important role in modulating stem cell fate99. For instance, 
dexamethasone (Dex) is always added into the differentiation medium99, and has been shown to support 
osteogenesis100. However, Dex is negatively influences the migration of  MSCs101,102. For this reason, the 
same research group engineered the same parameters of  roughness gradient (Ra: 0.5−4.7 μm) to investigate 
the influence on osteogenesis of  MSCs cultured in differentiation medium without the addition of  Dex and 
in growth medium96. The results showed that Ra ~1.53 μm in differentiation medium without Dex, and Ra 
~0.93 μm in growth medium exhibited the highest capacity for improving osteogenesis. Alternatively, 
roughness gradients can be fabricated through particles45. For example, Bachhuka et al.44 prepared density 
gradients of  gold nanoparticles (diameter: 16, 38, and 68 nm, respectively), and the results showed that 
higher roughness was beneficial for osteogenesis. 
During the process of  bone regeneration, architecture with pores is beneficial for exchange of  nutrient, cell 
movement, growth, and vascularization. In addition, a porous surface of  a biomaterial promotes connection 
with the natural bone103. It has been demonstrated that different pore sizes have a significant effect on the 
osteogenesis. For instance, scaffolds with smaller pore size are beneficial for chondrogenic differentiation, 
while larger pore size enhance osteogenic differentiation103. Wang et al.17 produced gradients with pore sizes 
between 29 and 226 nm in diameter and roughness decreasing from 22.29 to 3.15 nm. They found that 
roughness smaller than 10 nm prompted osteogenic differentiation of  MSCs, while adipogenic 
differentiation is not dependent on pore size. In addition to osteogenic and adipogenic differentiation 
mediated by pore size, the influence of  pore size on chondrogenesis has also been studied. Oh et al. 
fabricated PCL scaffold with pore size ranging from 90 to 400 µm and porosity between 80 and 97%. The 
results showed that pore size 370−400 µm was the optimum for chondrogenesis of  stem cells. 
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Figure 5. (A) Immunostaining of  Tuj1 of  MSCs grown on wrinkle gradients for (a) 1 week and (c) two 
weeks. (b), (d) The zoomed picture of  typical position and quantitative results of  Tuj1. Reprinted with 
permission from ref  95. (B) (a) Immunostaining of  ALP for cells cultured on roughness gradient after 4 and 
21 days. (b) Quantitative results of  ALP. Reprinted with permission from ref  37. 
 
However, the stability of  biomaterials is a common problem. Therefore, a stable gradient substrate 
composed of  varied pore size is desired40. Compared to pSi, porous alumina (pAl) has attracted much 
attention104–106 because of  high stability in aqueous environments104 and has served as implant material107. 
Wang and co-workers40 reported the influence of  pAl comprising pore size gradients between 50 nm and 3 
μm on osteogenesis of  MSCs. The optimum parameter for osteogenic differentiation was 120–230 nm. 
These results show that isotropic gradients, e.g., roughness, nanoparticle, pore size, allows for screening of  
the optimum parameter for varied stem cell differentiation, which improve the advancement of  biomaterials 
for tissue engineering. 
 
2.3.3 Chemical gradient approaches for stem cell differentiation 
 
The MSC differentiation depends not only on the mechanical and topographical properties of  the 
biomaterial but also on the chemical environment. Several groups have shown that chemistry has an 
important effect on stem cell fate and used gradients to study this55,57,62,108. Voelcker et al.51 prepared density 
gradients of  COL1 (ranging from 78.5 to 132.3 ng/cm2) and OPN (increasing from 9.6 to 21.4 ng/cm2) 
(Figure 6A). The osteogenesis increased with increasing COL1 density, and the optimum density was 124.2 
ng/cm2, and 19.0 ng/cm2 for density of  OPN. Moreover, Vasilev et al.62 fabricated OD−AA gradient (N/C 
ratio between 0.04 and 0.16) and found that AA side improved osteogenesis of  stem cells, while OD side 
enhanced adipogenesis. With a similar gradient platform, the authors also investigated the differentiation 
into endoderm, mesoderm, and ectoderm in the absence of  bioactive differentiation factors108. They found 
high ratios of  AA/OD  
was beneficial for mesoderm and ectoderm. Furthermore, OD−AA and AA−DG gradients were fabricated 
to systematically screen MSCs differentiation57. Using osteogenic induction medium, osteogenic 
differentiation increased along the OD−AA gradient, and decreased along the AA−DG gradient. In 
adipogenic induction medium, there was no obvious difference for adipogenesis for cells cultured on the 
OD–AA gradient, but declined from the AA side to DG side. Furthermore, osteogenesis was significantly 
enhanced by a thick surface of  AA (>40 nm) under a mixed differentiation medium on an OD−AA gradient. 
However, adipogenic differentiation did not show remarkable difference (Figure 6B). These results show 
that stem cell fate can be influenced by (bio)chemical cues and (bio)chemical gradients are a powerful 
approach for screening the optimum condition for specific differentiation behavior. 
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Figure 6. (A) Influence of  COL1 and OPN gradient on Runx2 expression after 7 day under (a, c) osteogenic 
medium (OSM) and (b, d) DMEM. e. Quantitative results of  Runx2 on the COL1 and OPN gradients. 
Reprinted with permission from ref  51. (B) Adipogenesis /osteogenesis on OD–AA gradient under mixed 
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medium after 14 days. (a) Nile red staining and (b) Calcein Blue staining, respectively. (c) The quantification 
results along the gradient. Reprinted with permission from ref  57. 
 
While these approaches focused on engineering gradients with individual parameter (e.g., mechanical 
property, topography, and (bio-)chemistry), it is meaningful to prepare various parameters on one substrate, 
as those may interact with each other to affect cell behaviors in synergistic manner109. Several groups 
prepared multiparameters gradient platforms to study stem cell differentiation69,110,111. Rape et al. created 
hydrogel composed of  stiffness and Fn density combined in an orthogonal way. After 1 week under mixed 
differentiation medium conditions, differentiation of  cells was assessed. Higher density of  Fn and higher 
stiffness was better for osteogenesis, while adipogenesis depended on stiffness but not on Fn density. For 
stem cell differentiation, 3D structures better mimic the environment in vivo112. Vega et al.113 fabricated a 
hydrogel substrate with RGD and HAV peptide gradients to investigate the influence on MSC 
chondrogenesis. The results demonstrated that higher HAV but lower RGD density was beneficial for 
chondrogenesis. 
 
2.4 Limitations of  gradient based high-throughput systems 
 
Although a lot of  progress has been achieved for preparing gradient-based HTS platforms and study the 
physicochemical influence of  materials on various cell behaviors, it is challenging to establish a HTS 
platform that possess physical and (bio)chemical properties. Until now, most studies about HTS platform 
is performed in 2D, only few are on 3D. While 2D would represent a tissue-implant interface, a 3D 
environment would better mimic physiological conditions and recreate pathologies. Therefore, 3D HTS 
platforms would generate more insights that could also apply to 2D interfaces. For determining the behavior 
of  cells on implants, medical device surfaces, or tissue engineering scaffolds, 2D platforms still offer good 
insights into the behavior of  cells. Furthermore, HTS platform combined with dynamic environment will 
be helpful for better understanding cell behaviors. Another limitation for HTS is analyzing image and 
processing data. At last, as the final goal of  HTS should be focus on the application in vivo, and so far no 
HTS in vivo has been investigated, which would be an important step for regenerative medicine and tissue 
engineering.  
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Abstract 
 
Topography-driven alterations in cell morphology tremendously influence cell biological processes, 
particularly stem cell differentiation. Aligned topography is known to alter the cell shape, which we 
anticipated to also induce altered physical properties of the cell. Here, we show that topography has a 
significant influence on single cell stiffness of human bone marrow derived-Mesenchymal Stem Cells (hBM-
MSCs) and the osteogenic differentiation of these. Aligned topographies were used to control the cell 
elongation, depicted as the cell aspect ratio (CAR). Intriguingly, an equal CAR elicited from different 
topographies, resulted in highly altered differentiation behavior and the underlying single cell mechanics was 
found to be critical. The cell behavior was found to be focal adhesion-mediated and induced stiffness 
alterations rather than just influencing the cell elongation. The effect was further corroborated by 
investigations of the transcriptional regulators YAP. Our study provides insight into how mechanical 
properties of the cell, which is stimulated by topography, modulate the osteogenesis of hBM-MSCs, which 
is beneficial for improving the understanding of interactions between stem cells and topography for 
developing applications of tissue engineering and regenerative medicine. 
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3.1 Introduction 
 
Achieving control over stem cell differentiation and enhance the differentiation process by non-biochemical 
means remains an important topic for investigation as it will lead to more advanced tissue engineering and 
regenerative medicine approaches1,2. It is well known, that many cell properties, including self-renewal and 
differentiation of stem cells, are regulated by (bio)chemical cues (e.g., surface chemistry3, extracellular matrix 
(ECM) proteins4,5, and peptides6,7) and physical stimuli (surface stiffness and topography)8–11. Cells sense 
such surface patterns ranging from 10 nm to 100 μm and different kinds of nanoscale and submicron 
topography (for example, roughness10, grating12, wrinkle13, pillar14, spiky15, and particle16) provides control 
over fundamental cell behaviours, for example, proliferation, migration and differentiation14–19. For instance, 
Kelley and co-workers15 reported three-dimensional nanostructured microarchitectures efficiently regulate 
neuron differentiation of MSCs via mechanotransduction. Song et al.20 found that osteogenesis enhanced 
by nanotopography was mediated by the signaling link between Yes-associated protein and β-catenin. 
Several types of geometries, namely pits21, tubes22, pillars23, and gratings24 have been previously investigated 
in terms of osteogenic differentiation. Facilitating osteogenic differentiation by means of non-biochemical 
cues would have great implications for bone tissue engineering and bone-inductive implant materials25,26. 
The topography of biomaterials modulates the differentiation of stem cells via mechanotransduction. 
Previous studies demonstrate that topography induced acceleration of osteogenic differentiation is caused 
by focal adhesion, RhoA/Rock signaling pathway25,27, and the regulation microRNA28. Furthermore, Liu et 
al., Wang et al., and Niu et al. revealed that topography-induced N-cadherin via β-catenin signaling29, 
integrin-linked kinase (ILK)/β-catenin pathway30, and crosstalk between focal adhesion kinase/MAPK and 
ILK/β-Catenin pathways31 up-regulated osteogenesis. 
Previous studies indicate that cell elongation could be a factor that facilitates differentiation of individual 
hBM-MSCs24,32–36, even without the external chemical induction factors36. The cell elongation can be 
quantified by determining the Cell aspect ratio (CAR, defined as the ratio of the length of the major axis to 
the length on the minor axis of a single cell) and is an important characterization of cell shape, which has 
significant influence on the cell fate34,36. Osteogenic differentiation of MSCs with different CAR (varing 
between 1-16) was studied by Wagner and co-workers24, Mrksich and co-workers32, and Ding and co-
workers34 who independently showed that there is a dependency between the CAR and osteogenic 
differentiation. For instance, Wagner et al.24 found that compared to flat surface, stem cells grown on 
microgrooves with higher CAR showed enhanced osteogenic differentiation. Mrksich et al.32 showed that 
cells cultured in rectangles with increasing aspect ratio, display different osteogenesis profiles. Specifically, 
patterned cells cultured on rectangles having aspect ratios of 1:1, 3:2 and 4:1 exhibited that the degree of 
osteogenic differentiation increased with aspect ratio. However, Ding et al.36 studied the effect of CAR on 
lineage commitment of MSCs in growth medium without the chemical induction factors, and a non-
monotonic change of osteogenic differentiation was found with optimal CAR of about 2. This demonstrates 
that CAR itself is an inherent factor to control stem cell differentiation, let alone with or without chemical 
induction factors. However, it remains elusive why cell elongation enhances the differentiation and whether 
or not the morphology is indeed the cause or that other factors are influenced by the topography.  
Previous studies demonstrate that topography influences cell behavior by changing focal adhesion assembly, 
giving rise to variations in cytoskeletal organization and cell mechanical properties37,38. However, few studies 
investigated the relationship between cell elongation, cell mechanical properties and osteogenic 
differentiation of stem cells. We hypothesized that topography-mediated osteogenic differentiation of hBM-
MSCs is associated with single cell mechanical properties rather than the Cell aspect ratio (CAR). The idea is 
that cell elongation not only associated with biological properties, for example, focal adhesion and 
mechanosesning, but also result in altered physical properties (cell stiffness) (Fig. 1), which is rarely 
investigated and compared to the biological response. To study the effect of surface topography on cell 
morphology (cell orientation, cell area and CAR), we prepared polydimethylsiloxane (PDMS) substrates with 
anisotropic wave-like topographies with different wavelengths and amplitudes to controllably affect and 
direct the CAR. The CAR in connection to single cell mechanical alterations was determined by atomic force 
microscopy (AFM) nanoindentation and displayed the modulation of osteogenic differentiation 
exemplifying how influencing mechanical components in cell development is crucial. Topography-mediated 
mechanosensing was further studied on protein and molecular level using immunostaining of focal adhesion 
and the transcriptional regulator YAP, respectively. Furthermore, the altering mechanical behavior was 
studied in combination with osteogenesis and it was found that altering mechanical behavior is of major 
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importance. For the first time, we describe the relationship between CAR, degree of osteogenesis, and 
mechanical properties of hBM-MSCs during that process. We found that cell stiffness is another important 
factor for topography-driven CAR guiding osteogenic differentiation of stem cells. 
 

 
 

Fig. 1 Schematic illustration of  hBM-MSCs cultured on wrinkle substrate could be stimulated into 
osteogenic differentiation. During this process, biological response, for instance, focal adhesion, actin 
polymerization, YAP/TAZ mechanotransduction are usually investigated, however, systematic study 
concerning the physical property of  the cells has been little explored. 
 
3.2 Methods 
 
3.2.1 PDMS film preparation 
Briefly, PDMS was prepared by mixing the elastomer base (prepolymer) and cross-linker (Sylgard 184, Dow 
Corning) in a ratio of 10:1 or 15:1 by weight. The mixtures were vigorously stirred with a spatula, degassed 
under vacuum for 15 min, and deposited onto clean 12 × 12 cm squared polystyrene Petri dish. The poured 
PDMS was cured overnight in an oven at 70 °C. 
 
3.2.2 Preparation of aligned topography PDMS substrates 
PDMS aligned topography substrates were prepared as described previously39. PDMS elastomer substrates 
were placed in a custom-made stretching apparatus and stretched uniaxially to 10-30 % of the original length. 
Stretched PDMS substrates were oxidized using air plasma at varying pressures and oxidation times 
depending on the desired topography dimensions (Plasma Activate Flecto 10 USB, maximum intensity). 
After oxidation, the strain was released inducing the formation of aligned topography (wave-like structures). 
The ratios between the elastomer base and cross-linker as well as the parameters used for preparation of 
substrates with different topographies are summarized in Table. 1. 
 

Table 1. Conditions for PDMS substrates with different topographies 
 
 
 
 
 
 
 
 
 
 
W and A are the abbreviation of wavelength and amplitude, respectively, and the unit for W and A is μm. The different 
surface topographies are further reported as W0.5, W3, W10, and W27. 
 
 

Substrate 
Ratio of 

prepolymer and 
cross-linker 

Operating 
Pressure 

Plasma 
Time  

Stretch 
percent 

(%) 
W0.5/A0.

05 10:1 14 Torr 60 s 30 

W3/A0.7 10:1 25 mTorr 20 s 30 
W10/A3.5 10:1 25 mTorr 650 s 20 
W27/A4.3 15:1 25 mTorr 30 min 10 
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3.2.3 Imprinting 
The prepared PDMS substrates with aligned topographies were used as molds onto which a fresh mixture 
of elastomer base and cross- linker (in a ratio of 10:1 by weight) was poured, followed by curing at 70 °C 
overnight. After that, the molds were removed and the freshly prepared PDMS substrates baring the imprint 
were additionally treated with air plasma at 500 mTorr for 1 min and used for cell seeding. The flat substrate 
(control) was prepared and treated the same as those obtained from the imprinting process mentioned above 
(same ratio for elastomer base and cross-linker (10:1), same curing process and condition of air plasma), to 
make sure all the samples maintain the same surface chemistry and mechanical properties. 
 
3.2.4 Topography characterization  
Topography features were characterized by atomic force microscope (Nanoscope V Dimension 3100 
microscope, Veeco, United States) operating in tapping mode in air (model DNP-10 tip). To determine the 
wavelength and amplitude of the topographies, the obtained AFM images were analyzed using NanoScope 
Analysis software.  
 
3.2.5 Cell culture  
hBM-MSCs (passage 2) were obtained from Lonza and cultured in growth medium containing Alpha 
modified Eagle medium (Gibco), 10% (v/v) fetal bovine serum (Gibco), 0.1% ascorbic acid 2-phosphate 
(Sigma) and 1% penicillin/streptomycin (Gibco). Cells were incubated in T75 culture flasks at 37 °C in a 
humidified atmosphere with 5% CO2. Culture medium was changed every 3 days and cells were harvested 
at ≈80% confluency. The confluent cells were routinely subcultured by trypsinization. MSCs of passage 4 
were used for seeding onto the topographies and the differentiation experiments. 
 
3.2.6 Immunostaining 
All PDMS substrates were sterilized by washing with 70% ethanol and placed in 24-well plates and then 
washed with PBS before use. Afterwards, hBM-MSCs were seeded onto the substrates at a density of 1 × 
104 cells/well. For immunostaining, hBM-MSCs were first washed with Phosphate-buffered saline (PBS), 
fixed with 3.7% paraformaldehyde solution in PBS for 20 min, and subsequently washed three times with 
PBS. Afterwards, the cell membrane was permeated with 0.5% Triton X-100 solution in PBS for 3 min and 
blocked with 5% bovine serum albumin in PBS solution for 30 min. Subsequently, the cells were incubated 
with the primary antibody for alkaline phosphatase (Developmental Hybridoma Bank, B4-78, 1:100, v/v), 
vinculin (clone hVin-1, Sigma, 1:100) or YAP (Santa Cruz Biotechnology, SC-101199, 1:500, v/v) for 1 h, 
followed by staining with Rhodamine Red™-X-labeled goat-anti-mouse antibody (Jackson Immunolab, 
1:100, v/v) as the secondary antibody. The nucleus and actin were stained using DAPI and TRITC-
phalloidin, respectively by incubation for 1 hour. Finally, the cells were imaged with TissueFaxs 
(TissueGnostics GmbH, Vienna, Austria) at 10× magnification. YAP staining and vinculin staining were 
observed using a LEICA TCS SP2 confocal laser scanning microscopy (CLSM) equipped with a 40× NA 
0.80 water immersion objective. Additionally, image analysis of focal adhesion was done by an online Focal 
Adhesion Analysis Server40, and Fiji software was used to measure cell orientation and elongation. Cell 
elongation was quantified as the aspect ratio between the cell length and width measured via fluorescent F-
actin stained cells (at least 60 cells counted for each sample, also for cell area). Directionality analysis for cell 
orientation was conducted with Fiji using the Orientation J plug-in. Only aligned elements were taken into 
account for the directionality algorithm in an entire image, and at least 200 cells were taken into 
consideration for each substrate. For cell elongation and orientation, ≥ 6 images per sample were used and 
3 independent samples were analyzed. 
 
3.2.7 Osteogenic differentiation of MSCs 
hBM-MSCs were seeded on PDMS substrates with different topography features at a cell density of 1×104 

cells/well and incubated at 37 ℃, 5% CO2 and 24 h later the growth medium was replaced by osteogenic 
differentiation medium. Osteogenic induction medium consisted of growth medium supplemented with 10 
mM glycerophosphate (Sigma) and 100 nM dexamethasone (Sigma). The cells were cultured for 21 days, 
with the differentiation medium being replaced every 3 days.  
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3.2.8 Calcium detection by Alizarin Red Staining  
The mineralization of the extracellular matrix, the last step of the osteogenic differentiation, was evaluated 
by Alizarin Red Staining after 21 days of cell culture under differentiation conditions. The samples were 
washed twice with PBS, fixed with 4% paraformaldehyde for 15 minutes and incubated with 0.1% Alizarin 
Red S solution at room temperature for 30 minutes. The cells were further washed twice with PBS and 
analyzed. For a quantitative calcium deposition analysis, the Alizarin Red S stained cultures were de-stained 
with 10% cetylpyridinum chloride in 10mM sodium phosphate buffer at room temperature for 30 minutes. 
The absorbance of extracted stains was measured with a microplate reader (BMG LABTECH, Offenburg, 
Germany) at 540 nm. The results were normalized by the number of cells present in each well. The cell 
number was determined by nucleus staining with DAPI, and quantitative analysis of the positively stained 
cells using the high-throughput analysis technique (TissueQuest software) after imaged with TissueFaxs-
Tissue-Gnostics microscopy setup. 
 
3.2.9 Single cell Young’s modulus determination 
AFM nanoindentation was conducted by a BioScope Catalyst AFM system (Bruker Nano, Santa Barbara, 
CA). In the AFM nanoindentation experiment, contact mode in fluid was applied. DNP-10 tips (Bruker 
Nano, Santa Barbara, CA) with V-shaped silicon nitride cantilever and pyramidal silicon nitride tip were 
applied, whereas the actual value of spring constant was calibrated in liquid using the thermal tune method. 
Hank's balanced salt solution (HBSS) was used as the buffer for force-indentation curve collection. To keep 
the activity of live cell, each measurement was limited to 1 h after the PDMS substrate was loaded on the 
AFM stage. Cells were indented with a fixed force of 2 nN and corresponding displacements were recorded. 
The analysis was performed according to the retrace force-indentation curves. Sneddon model (Eq.1) was 
chosen as the fit model to calculate the Young’s modulus. In the equation, the half angle (α) of AFM tips 
was set as 18˚ while the Poisson ratio (ν) was assumed to be 0.5.  

2
2

2 tan
1

EF δ α
π ν

=
−             (Eq.1) 

where F is the load force, E is the Young’s modulus, and δ is the indentation depth. 
For each cell, approximately 25 force-distance curves were collected. At each condition, at least 25 cells 
were tested. Data analysis was performed by Nanoscope v1.8.  
 
3.2.10 Statistics  
All data points are expressed as mean values ± standard deviation. Statistical analysis was performed with 
Origin 9.0 software. All data were analyzed using one way analysis of variance (ANOVA) with Tukey’s test 
to determine differences between groups. *P < 0.05, **P < 0.01, and ***P < 0.001, respectively. 
 
3.3 Results  
 
3.3.1 Preparation and characterization of aligned topography on PDMS substrates   
To study the influence of elongated cell morphology (different CAR) stimulated by aligned topographies on 
osteogenic differentiation of stem cells, we prepared PDMS-based substrates with aligned surface 
topographies of different dimensions using variations of our previously reported strain-oxidation-release 
procedure39. Wave-like topographies were produced as a result of varying the elastomer base/cross-linker 
ratio, stretching deformation, plasma pressure, and oxidation time. Plasma oxidation alters both chemical 
composition and the stiffness41,42 and therefore an altered preparation approach was needed to exclude all 
effects other than topography. To exclude variations in chemical composition and mechanical properties 
that might arise due to the different preparation procedures, PDMS with different topographies were applied 
as molds on which we applied a fresh mixture of elastomer base/cross-linker. This imprinting approach led 
to PDMS substrates with different topographies, but the same surface chemistry and mechanical properties.  
The surface features after imprinting were characterized by AFM. As shown in Fig. 2A, the non-stretched 
PDMS results in a Flat surface, while using the preparation conditions as illustrated in Table 1, wave-like 
topographies are achieved of varied dimensions (wavelength (W; μm) and amplitude (A; μm)) of W0.5A0.05, 
W3A0.7, W10A3.5 and W27A4.3. The different surface topographies are further reported as Flat, W0.5, 
W3, W10, and W27. The wavelength and amplitude are dependent and both increase simultaneously as is 
shown in Fig. 2B. 
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3.3.2 The influence of topography on cell morphology of hBM-MSCs 
Topography significantly affects the morphology and orientation of cells through a phenomenon known as 
contact guidance43. Cell alignment and elongation are morphological features essential for the behaviour of 
the cell and have previously been shown to affect differentiation in MSCs24. The degree of cell elongation 
provides further indication of cellular structural maturity and function expression44,45. 

 
Fig. 2 AFM images taken from middle part of substrate (images from side of the substrate showed in Fig. 
S1) and height profiles of the structured PDMS surfaces obtained after imprinting. (B) Wavelength, and 
amplitude of created wrinkled surface. Data are reported as mean ± standard deviation (SD) (n ≥ 30 wrinkles 
for each imprint, three independent imprints). Scale bar is 4 μm and applies to all images. 
 

To investigate the influence of the surface topography on cell morphology, hBM-MSCs were seeded on the 
different topographies and allowed to attach and spread for 24 hours. To visualize the cytoskeleton and 
nucleus, the cells were stained with phalloidin and DAPI, respectively. As shown in Fig. 3A and 3B (zoom-
in), cell orientation was strongly influenced by the surface topography on which the cells reside. Cells grown 
on Flat were randomly oriented. Cells cultured on W0.5 promoted slight orientation of cells in the direction 
of the topography. The cells cultured on the larger topographies resulted in cells with much higher 
orientation.  
Cell alignment, expressed as the percentage of cells that have their main axis within 10° from the direction 
of the topography46,47, was quantified with Fiji. The degree of cell orientation (Fig. 3C) increased with the 
increasing topography dimensions up to W10 (98%), but decreased to 88% upon further increasing the 
topography dimensions for W27. The results indicate that larger wavelength and amplitude improve the cell 
orientation, but the trend is a non- monotonic change. Cell area is a well-accepted characterization of cell 
attachment and spreading, and it is well documented that cell extension and consequent spreading could 
give rise to altering levels of differentiation markers of stem cells48. Figure 3D displays that cell area (2 
dimensional) gradually decreased with the increase of wrinkle size. hBM-MSCs on flat and W0.5 surface 
exhibited the largest average cell area (2300 μm2). In contrast, the cell area for W27 (1580 μm2) was 
significantly lower compared to flat and W0.5 substrates. These results suggest that there is an significant 
influence of surface topography on cell alignment and spreading. 
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It was found that the CAR is also strongly influenced by surface topography. For cells grown on a Flat 
surface, the CAR reached 4.4 and further increased with the increasing of wrinkle size. For cells grown on 
W0.5, W3, and W10, the CAR was 7.0, 11.4, 19.0, respectively, and then decreased to 12.2 for cells cultured 
on W27 (Fig. 3E). Interestingly, cells grown on both W3 and W27 resulted in a similar CAR despite 
significant differences in the surface topography. 
However, cells seem to have a different appearance on both substrates and this is likely attributed to the 
calculation for cell aspect ratio, as it is defined as the ratio of the length of the major axis to the length on 
the minor axis of a single cell, so different cell appearance could have the same value of aspect ratio. The 
general cell elongation here far exceeds the reached elongation factors in other studies and more 
interestingly, it enables us to compare elongated cells with similar CAR stimulated by different topography 
allowing to identify if role of cell morphology specifically. 

 
Fig. 3 Influence of different wrinkle size on the morphology of hBM-MSCs. (A) Representative 
fluorescence microscopy images of hBM-MSCs grown on different topographies. Cell cytoskeleton and cell 
nucleus were stained with TRITC-labeled phalloidin (red) and by DAPI (blue), respectively. The white arrow 
indicates the direction of wrinkle. (B) Higher magnification of cells grown on different substrates, (C) Cell 
orientation, (D) Cell area and (E) Cell aspect ratio (CAR) for cells grown on different topographies. Data are 
shown as mean ± standard deviation (SD), and *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar for all images 
is 100 μm. 
 
3.3.3 Topography influences cellular mechanical properties cultured in growth medium 
We hypothesized that cells would alter their stiffness due to the different cell shape (CAR). To examine the 
mechanical properties of hBM-MSCs influenced by topography, we determined the Young’s modulus of 
single stem cells by AFM nanoindentation. The average values of Young’s modulus obtained for single stem 
cell cultured in growth medium (GM) for 1, 7 and 14 days are plotted in Fig. 4. While hBM-MSCs on Flat 
displayed a Young’s modulus of about 3.7 kPa, on W0.5 and W3 the stiffness increased to 6.0 and 6.4 kPa 
after 1 day of culture, respectively. Although, cells cultured on W10 and W27 seem to display a slightly 
higher Young’s modulus (4.3 kPa, 4.5 kPa, respectively) than cells on the Flat substrate, no significant 
difference was found between them.  
With the culture time increasing, the stiffness of the MSCs cultured on W10 and W27 were still less affected 
than MSCs on W0.5 and W3. After 14 days, a slight increase (from 3.7 kPa to 4.4 kPa) of Young’s modulus 
and little decrease (from 6.4 kPa to 5.6 kPa) were observed for cells grown on Flat and W3, respectively, 
while there were no significant changes detected over time for those grown on the other topography 
substrates. Therefore, the Young’s modulus of hBM-MSCs cultured on W0.5 and W3 in GM was 



39 
 

significantly higher than for the cells grown on Flat, W10, and W27. These results demonstrate that the 
same CAR (W3 and W27) does not lead to the same stiffness alteration and that an increasing CAR does not 
evoke an increasing stiffness. MSCs on W0.5 and W3 have a similar stiffness and on W10 a lower stiffness 
after 1 day even though the CAR is increased going from W0.5 to W10. These results indicate that the 
topography induced CAR alterations (altered cell elongation) is most likely not the best predictor for the cell 
development. 

 
Fig. 4 Schematic presentation of AFM nanoindentation to measure mechanical properties of cells cultured 
in growth medium. (B) Mechanical properties of hBM-MSCs cultured in growth medium for 1, 7 and 14 
days. Experiments were performed in triplicates. Young’s modulus is an average value of thirty single cells 
grown on each substrate. Data is shown as mean ± standard deviation (SD) and *P < 0.05, **P < 0.01, *** 
P < 0.001. 
 
3.3.4 Varied mechanical properties mediated by focal adhesions  
Based on our results demonstrating the significant difference for mechanical properties of cells, we 
hypothesized the difference maybe due to the formation of focal adhesions (FA), as cells will generate 
tensions through actin cytoskeletons and exert traction forces on the underlying substrates via FAs49,50. Also 
since it is known that mechanotaxis and topotaxis are mediated via a similar mechanism and are mediated 
through the FAs51,52. FAs are adhesion plaques formed by an assembling complex of integrins and proteins. 
They act as a dynamic interface between internal cytoskeleton and ECM transmitting mechanical forces 
across the cell membrane53. It has been demonstrated that the formation of FAs are related with the 
RhoA/ROCK signaling pathway influencing cell migration by affecting the cytoskeleton and cell 
contractility but it was also found that during osteogenic differentiation more FAs are beneficial for 
osteogenesis25,54,55. Previous study have reported that topographical dimension can provide significant 
stimulation to influence the formation of focal adhesion complexes24,56. 
The expression of FA in hBM-MSCs was assessed by immunofluorescence staining for vinculin and 
visualized by CLSM after 24 hours seeded onto the different substrates. As shown in Fig. 5A, major 
differences in focal adhesion number and morphology were observed. For substrates of W0.5 and W3, 
hBM-MSCs had more well defined dash like vinculin spots (typical regarded as mature focal adhesions). In 
contrast, cells grown on Flat, W10 and W27 showed dot-like (transient) vinculin spots, indicating that W0.5 
and W3 could enhance the expression of vinculin. To better understand the focal adhesion formation on 
different substrates, FA area per cell were quantitatively analyzed (Fig. 5B). As vinculin is a key FA molecule 
that controls FA maturation by interactions with other FA proteins such as talin and actin57, the size of focal 
adhesion complexes is always characterized by vinculin staining25. FA area for cells cultured on W0.5 (275 
μm2) and W3 (260 μm2) are much larger than Flat, W10 and W27 (about 150 μm2). These results suggest 
that, compared to Flat and big wavelength wrinkle substrate (W10 and W27), small wavelength wrinkle 
substrate (W0.5 and W3) facilitate the formation of FA complexes. 
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Fig. 5 (A) Immunofluorescent staining of nuclei (blue), actin (green), and vinculin (red) for hBM-MSCs 
after 1 day cultivation on different substrates. Scale bar represents 20 μm. (B) Quantitative analysis of FA 
area per cell. Data are shown as mean ± standard deviation (SD) (n = at least 30 cells, three independent 
experiment), and *P < 0.05. 
 
3.3.5 Mechanotransduction (YAP) following single cell stiffness 
For studying physical cues such as mechanical properties or topography of the cell’s surroundings, and the 
response of cells to these cues, YAP is the key regulatory element that controls the gene expression and is 
located either in the cytosol or in the nucleus as a consequence of the physical simuli the cell receives35,58. 
The cell shape/morphology and polarity influence the YAP activity and its localization is very indicative for 
how the cell perceives mechanical properties and topography59,60. 
The expression of YAP in hBM-MSCs was assessed by immunofluorescence staining 24 hours after being 
seeded onto the different topographies. As shown in Fig. 6A, the topography had a substantial effect on 
the localization of YAP (cells with non-nuclear localization displayed in Fig. S2). For cells cultured on Flat, 
W0.5 and W3 substrates, YAP was present in the cell nucleus for 52-60% of the cells (Fig. 6B). For cells 
cultured on W10 and W27, expression of YAP were predominantly cytoplasmic and the percentage of cells 
with nuclear positive YAP was only 27% and 30%, respectively. Although, all cells received the same 
mechanical dosing originating from an oxidized silicone surface, the only difference is the applied 
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topographical stimulus. The percentage of nuclear YAP is conventionally higher for stiff surfaces but it 
clearly shows the difference in topography regulation. 
 
 

 
Fig. 6 (A) Representative images of YAP localization in hBM-MSCs seeded onto different surfaces for 24 
hours. The white colour arrows refer to the YAP located in the nucleus position or not. (B) Number of cells 
with nuclear localization of YAP. Data are shown as mean ± standard deviation (SD) (n = 100 cells, three 
independent experiment), and **P < 0.01, ***P < 0.001. Scale bar represents 20 μm. 
 

3.3.6 Topography influences ALP expression of hBM-MSCs 
ALP is a well-known marker for the early state of osteogenic differentiation of hBM-MSCs61. The influence 
of the topography on osteogenic differentiation of hBM-MSCs was investigated by immunodetection of 
ALP after 7 and 14 days of cell culture in GM and OM via automated imaging (TissueFaxs) that enables 
imaging using the same parameters with autofocus during the imaging process. Expression was assessed 
quantitatively by determining the fluorescence output. 
An immediate difference in fluorescence intensity of immunostained ALP is observed in Fig. 7A and 7B. 
Comparing MSCs cultured under growth conditions and osteogenic conditions show that hBM-MSCs 
cultured in GM for 7 and 14 days do not express ALP, while cells in OM showed increased expression of 
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ALP. The expressed ALP varies among the different topographies that have been applied and illustrates the 
topography dependency on which the MSCs were cultured whereby W10 and W27 inhibited ALP 
expression as compared to the Flat control while W0.5 and W3 enhanced the ALP expression.  
These effects were quantified by assessing the fluorescence and the results are shown in Fig. 7C and 7D 
for the 7 days and 14 days differentiation, respectively. The fluorescence output is corrected for the cell 
number and it correlated well with the qualitative analysis. The results show that W0.5 (CAR=7.0) and W3 
(CAR=11.4) significantly facilitate osteogenic differentiation of hBM-MSCs as illustrated by a 1.2 and 1.3 
fold increase, respectively as compared to the Flat substrate. Topographies W10 (CAR=18.96) and W27 
(CAR=12.23) substantially suppressed ALP expression and displayed a 0.6 and 0.3 fold reduction, 
respectively (Fig. 7C). The difference became even more striking after 14 days of differentiation where a 
2.8 and 3.2 fold increase was observed for W0.5 and W3 and a 0.4 and 0.5 fold reduction for W10 and W27 
(Fig. 7D). While previously, an increasing CAR was considered to positively affect osteogenic differentiation, 
our results show that there is a limit to what extent elongation is beneficial. Interestingly, while W3 
(CAR=11.4) and W27 (CAR=12.2) displayed similar elongation, their differentiation behavior were 
significantly different, indicating that cell elongation itself is not a determining factor. 
 

 
Fig. 7 Immunofluorescence staining of osteogenic marker (ALP) of cells grown on Flat and structured 
substrates cultured in GM (A) and OM (B) for 7 and 14 days, respectively. Cells were stained for DAPI 
(nucleus, blue), and ALP (red). Scale bar for all images is 100 μm. Quantification of the expression of ALP 
in cells cultured in osteogenic induction medium at day 7 (C) and day 14 (D), normalized by cell number. 
Data are shown as mean ± standard deviation (SD), and *P < 0.05, **P < 0.01, ***P < 0.001. 
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3.3.7 Topography influences mineralization of hBM-MSCs 
The production of mineralized calcium nodules by MSCs is an important function indicator used to evaluate 
the osteogenic differentiation62 and can be confirmed by Alizarin Red staining which stains calcium 
mineral63. To assess the extent of osteogenesis, hBM-MSCs were stained using Alizarin Red after 21 days of 
culturing in either GM or OM. As shown in Fig. 8A, none of the hBM-MSCs cultured in GM deposited 
mineral (absence of red colored mineral), which is in line with above-mentioned results of ALP expression 
under the same culture conditions. For hBM-MSCs cultured in OM, mineral deposition was observed and 
greatly depended on the topography that was used (Fig. 8B). 
hBM-MSCs cultured on W0.5 and W3 in OM exhibited more mineralized calcium nodules than those on 
the Flat surface, while mineralization on W10 and W27 was rather minimal. To quantify the mineralization 
degree of  hBM-MSC, the stained calcium deposits were de-stained, and the optical density (OD) of  the 
extracted stains was measured at 540 nm. As shown in Fig. 8C, the highest OD540 was obtained for cells 
grown on W3 followed by those on W0.5, which indicates a higher level of  osteogenesis. The OD540 was 
significantly lower for W10 and W27 while the OD540 obtained from the mineral deposition on Flat was in 
between W0.5/W3 and W10/W27. This further confirms that cells grown on the W0.5 (CAR=7.0) and W3 
(CAR=11.4) substrates enhances osteogenic differentiation of  hBM-MSC, while culturing on W10 (CAR=19.0) 
and W27 (CAR=12.2) inhibits osteogenesis. The mineralization results are in excellent agreement with the 
ALP expression determined on 7th and 14th day of  differentiation. Overall, these results indicate that the 
CAR induced by topography regulates the fate of  stem cells but not in the fashion as previously considered. 
A higher CAR does not result in enhanced osteogenic differentiation and inducing the same CAR using 
different topography does not lead to the same osteogenic differentiation capabilities.  
 
3.3.8 Changes of  cellular mechanical properties during osteogenic differentiation 
We hypothesize that cells will exhibit different mechanical properties during the process of  osteogenesis. 
Therefore, we investigated the Young’s modulus of  single stem cells during the differentiation. The average 
values of  Young’s modulus obtained for single stem cell cultured in osteogenic induction medium (OM) for 
1, 7 and 14 days are plotted in Fig. 9. 
Similar to the cells cultured in growth medium (Fig. 4B) after 1 day, hBM-MSCs grown on W0.5 and W3 
displayed enhanced stiffness compared to Flat, W10 and W27. Intriguingly, the Young’s modulus of  cells 
grown on W3 in OM displayed the highest at the beginning and the fastest reduction in stiffness after 14 

days of  differentiation, from the initial value of  ∼6.2 kPa on day one to ∼2.1 kPa on day 14. A similar 
trend was observed for MSCs cultured on W0.5. For cells grown on Flat, the Young’s modulus slightly 
decreased after 14 days of  cell culture from about 3.6 kPa to 2.7 kPa. The stiffness of  the MSCs cultured 
on W10 and W27 did not display the same reduction in stiffness and thereby suggests that the mechanical 
alterations, reduction in stiffness, that is needed for proper differentiation is inhibited. 
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Fig. 8 Representative images of calcium nodules stained with Alizarin Red showing extracellular calcium 
deposits by hBM-MSC-derived osteoblasts cultured in GM (A) and OM (B) for 21 days, respectively. (C) 
Quantification of the degree of mineralization in OM for 21 days measured by Alizarin Red staining, 
normalized by cell number. Data are shown as mean ± standard deviation (SD), and **P < 0.01. Scale bar 
represents 0.5 cm. 
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Fig. 9 (A) Schematic presentation of AFM nanoindentation to measure mechanical properties of cells 
cultured in induction medium. (B) Mechanical properties of hBM-MSCs cultured in osteogenic induction 
medium for 1, 7 and 14 days. Experiments were performed in triplicates. Young’s modulus is an average 
value of thirty single cells grown on each substrate. Data is shown as mean ± standard deviation (SD) and 
*P < 0.05, **P < 0.01. 
 
3.4 Discussion  
 
The cell elongation, often addressed as the Cell Aspect Ratio or CAR, is an important factor to influence the 
osteogenic differentiation. Several studies have investigated the effect of aspect ratio of stem cells on the 
osteogenic differentiation, but it is not clear whether cell elongation (CAR) is the determining factor or that 
other factors are involved in this process. In this study, we investigated the effect of topography-induced 
cell elongation on osteogenic differentiation of hBM-MSCs by using topography to alter the CAR and to 
obtain similar CAR but with different topography stimulation (Fig. 3). The alterations in cell morphology 
and differentiation behavior were correlated to topography-induced changes in mechanical properties of 
single stem cells since it is known that mechanical properties of hBM-MSCs alter during osteogenic 
differentiation. The large differences between the different topographies is already eminent during the initial 
stage of cell development as first contact and adhesion phenomena of the cell to the biomaterial surface are 
highly indicative for further development, including differentiation. 
Previously, different groups studied the effect of CAR on differentiation of mesenchymal stem cells. Mrksich 
and co-workers32 reported that shapes leading to high contractility, an increase in CAR, increased the 
osteogenesis. On the other hand, according to Ding and coworkers34, a CAR of about 2 was reported to be 
optimal, which is much lower than the CAR of around 7 as reported by Abagnale et al24. These contradicting 
results indicate that the differentiation behavior is not directly associated with the cell shape but that other 
phenomena are affecting it. Based on our results (Fig. 7 and Fig. 8), we have shown that the degree of 
osteogenesis increases with the increasing CAR: 4.4, 7.0, 11.4. The relation between CAR and osteogenesis 
was non-linear, as the differentiation for cell with a CAR of 19.0 and 12.2 induced by the larger topographies, 
resulted in lower osteogenesis. Interestingly, despite the similar CAR for W3 and W27, the degree of 
osteogenesis of hBM-MSCs on those substrates was substantially different. This clearly illustrates that the 
somewhat contradictive results in previous studies may find its origin not in the cell shape/morphology but 
in another factor that directs the cellular behavior.   
Despite W3 and W27 lead to similar CAR, the cells on W3 showed significantly higher stiffness at day 1 
compared to W27 (Fig. 4). It is important to highlight that this is prior to differentiation induction rather 
than during differentiation, which means that cell stiffness is the cause for affecting stem cell differentiation 
rather than being an accompanying consequence of the process. More importantly, the differentiation on 
W3 is more efficient than on W27, which indicates that the higher cell stiffness at day 1 is another important 
factor compared with CAR. The higher cell mechanical properties on W3 is likely attributed to the more focal 
adhesions (Fig. 5), which leads to more percentage of YAP located into nuclear (Fig. 6), giving rise to 
higher degree of osteogenic differentiation. Our results are consistent with Dalby, Furukawa and Fu’s study, 
which demonstrate that osteogenesis is mediated by enhanced focal adhesion28, actin polymerization25 and 
YAP activation64. A schematic representation of the mechanistic phenome at play is illustrated in Fig. 10 
and describes the effect of similar CAR, stimulated by different wrinkle dimensions, on the osteogenic 
differentiation, which is at least partly mediated by the mechanical properties of hBM-MSCs and possibly 
connected to the focal adhesions providing the contact guidance information and YAP signal pathway. 
However, further investigation is necessary to fully elucidate focal adhesion, cytoskeleton organization, and 
components of YAP signaling cascade, such as the associated upstream regulators, in the regulation 
osteogenesis of hBM-MSCs stimulated by topography. In addition, our results illustrate that the absolute 
change of cell stiffness between initial and final differentiation is necessary and important for the successful 
osteogenic differentiation. This finding coincides well with Cho’s study65, who reported a Young’s modulus 
for osteoblasts of about 1.7 kPa and also observed a significant decrease in the elastic modulus for hMSCs 
exposed to an osteogenic medium for 10 days66. Therefore, based on the mechanical results, we not only 
show that the CAR is not the determining factor for osteogenesis, but that modulating the mechanical 
properties of the cells by means of topography is more important than the actual CAR itself for stem cell 
differentiation. 
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Fig. 10 Schematic representation describing topography-induced differences in osteogenesis of hBM-MSCs 
under similar CAR mediated by the change of mechanical properties. Compared to W27, the enhanced 
stiffness (prior to differentiation) of stem cell cultured on W3 is mediated by the higher area of focal 
adhesion and more percentage of YAP locate into cell nuclear, further giving rise to the higher degree of 
osteogenic differentiation. 
 

Several studies demonstrate that mechanical properties of the cell may be used as novel biological markers 
of cell phenotypes67,68. Previous research has shown that the mechanical properties of single cells are 
strongly connected with their lineage68. For example, osteoblasts exhibit stiffer properties than 
chondrocytes, which in turn is stiffer than adipocytes. Importantly, during the differentiation of hBM-MSCs 
into osteoblasts, the mechanics change accordingly. Previously, it was illustrated that there are striking 
different characteristics in actin organization between hBM-MSCs and osteoblasts. In hBM-MSCs, the actin 
is organized as thick bundles or stress fibers while thin dense microfilament meshwork are present in 
osteoblasts65,66. The difference in actin organization was shown to be reflected in the cellular elasticity. The 
Young’s modulus for hBM-MSCs is about two times higher than that for osteoblast (1.7 kPa)66. In our study, 
compared to control (Flat), MSCs cultured on W3 substrate showed substantial higher stiffness at the very 
beginning (day 1), and then exhibited fast and significant decrease of mechanical properties. In contrast, 
stem cells on W27 did not displayed the higher stiffness at day 1 nor the decrease during the whole 
differentiation process. Such detailed characterization of hMSC mechanics is helpful for the quickly and 
accurately distinguishing the successfully differentiation behavior or not, and could be used along or even 
replace the analysis of the biological or chemical processes (for example, ALP staining, Alizarin red staining, 
RT-PCR and western blotting), which is important for the rapidly growing field of stem-cell-based tissue 
engineering.
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Mechano-sensing is often investigated by determining the activity of YAP, which has been correlated with 
mesenchymal stem cell fate decision via the interaction with key determinants of osteogenic (Runx2) or 
adipogenic (PPARγ) differentiation69,70. High stiffness triggers YAP translocation to the nucleus and this 
process is accompanied by changes in cytoskeletal F-actin and focal adhesions71,72. Our results showed that 
YAP localization and activity correlates with the cell differentiation behavior driven by topography size 
(Fig. 6). A higher percentage of nuclear localization of YAP was determined for cells on W0.5 and W3, 
which topographies facilitated osteogenic differentiation. However, for planar surface, even though the 
similar percentage of nuclear localization, the degree of osteogenesis was much lower when compared to 
W0.5 and W3. This disparity is likely attributable to two aspects. The higher nuclear localization of YAP is 
possibly due to the stiffness of PDMS material, which could significantly affect the localization of YAP. 
Previous reports shown that YAP was more localized in the cytoplasm of MSCs if cultured on soft hydrogel 
(0.7 kPa) whereas a stiff hydrogel (40 kPa) induces nuclear localization72. In our study, the stiffness of PDMS 
used for culturing stem cells is within the range of MPa, orders of magnitude larger than kPa, so it is 
reasonable that cells grown on the planar surface possess high percentage of nuclear localization. hBM-
MSCs cultured on the W10 and W27 displayed significantly lower nuclear YAP localization, which indicates 
that the topography is interfering with the mechano-sensing capabilities as the material properties in all cases 
is the same. Therefore, material stiffness promotes osteogenic differentiation via mechanotransduction of 
the material to the cell while topography promotes osteogenic differentiation via mechano-altering effects 
on the cell by the topography, which can be stimulated as well as inhibited by choosing the correct 
topography. This effect is not directly related to the cell elongation and suggests that different feature sizes 
act on different cellular mechanisms. 
Although, here mechanical properties and cell morphology are carefully characterized, it has to be noted 
that the origin of the mechanical deviations is not known. Cytoskeletal arrangements, membrane tension, 
intracellular fluid pressure, location of larger organelles such as the nucleus below the cell membrane may 
all attribute to the altering properties. Also the projection of the cells are two dimensional, as is commonly 
done, but in terms of mechanical properties, volume could play a role as well and future investigations might 
provide more insights into the subcellular characteristics and the influence of these on cellular mechanical 
properties. 
 
3.5 Conclusions 
 
In this study, we investigated the effect of anisotropic topography on the single cell stiffness and also Cell 
aspect ratio (CAR). For the first time we demonstrate that the increase in the extent of osteogenic 
differentiation was not only influenced by the CAR, but rather by the mechanical properties of the cells. 
hBM-MSCs grown on W3 were stimulated to have the highest mechanical property prior to differentiation 
and fastest reduction in cell stiffness during differentiation while hBM-MSCs on W27 were inhibited in their 
mechanical alterations resulting in impaired differentiation. Topography W3 and W27 displayed a similar 
CAR, hence a similar morphology, but the latter one had significantly lower osteogenic capacity indicating 
that single cell stiffness is another important factor than cell morphology and this was further exemplified 
by the enhanced focal adhesion area and nuclear localization of YAP for cells cultured on W3. Our study 
provides insight into how mechanical properties of the cell, controlled by topography, regulates the fate of 
hBM-MSCs. These insights may help us to enhance the understanding of interactions between stem cells 
and topography substrates for developing applications of tissue engineering and regenerative medicine. 
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Abstract 
 
High-throughput screening (HTS) methods based on anisotropically topography gradients have been 
broadly used to investigate the interactions between cells and biomaterials. However, few studies focus on 
the optimum parameters of topography for osteogenic differentiation since the structures of topography 
are complex with multiple combinations of parameters. In this study, we developed polydimethylsiloxane 
(PDMS)-based wrinkled topography gradients (amplitudes between 144 and 2854 nm and wavelengths 
between 0.91 and 13.62 μm), and decoupled the wavelength and amplitude via imprinting lithography and 
shielded plasma oxidation. The PDMS wrinkle gradient was then integrated with the bottomless 96-well 
plate to constitute the wrinkled HTS platform, which consists of 70 different wrinkle parameters. From the 
in vitro culture of bone marrow stem cells, it was observed that aligned topography has an important 
influence on the macroscopic cell behavior (i.e., cell area, elongation, and nucleus area). Furthermore, the 
optimum wrinkle parameter (wavelength: 1.91 μm; amplitude: 360 nm) for osteogenic differentiation of 
stem cells was determined via this screening plate approach. This screening platform is not only beneficial 
for a better understanding of the interactions between topography and biomaterials, but also advances the 
development of bone tissue engineering developments. 
 
Keywords: high-throughput screening, topographical gradient, stem cell, osteogenic differentiation, 
materiobiology 
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4.1 Introduction 
 
The key for the development of  biomaterials in tissue engineering and regenerative medicine is the ability 
to use the physicochemical properties to control cell behavior1. Mesenchymal stem cells (MSCs) are an 
interesting cell type because of  their autologous availability2, capacity to differentiate into multilineage 
potential (adipogenic, osteogenic, and chondrogenic differentiation)2 and low immunogenic reaction by 
allogeneic hosts3. Therefore, controlling the differentiation behavior of  MSCs is vital in many biological 
aspects such as bone regeneration4. MSCs could perceive the physical or topographical signals from the 
extracellular matrix (ECM), and respond to these signals and thereby influencing cell responses, including 
adhesion, proliferation, migration, and differentiation5–11. The surface topography significantly affects cell 
behavior through contact guidance12, and the cell is able to sense such surface parameters between 10 nm 
and 100 μm13,14. Previous studies demonstrate that enhanced osteogenic differentiation stimulated by 
topography is caused by the more formation of focal adhesion, activation of RhoA/Rock signaling 
pathway15,16, and the regulation of microRNA5. Furthermore, researchers also revealed that topography-
induced integrin-linked kinase (ILK)/β-catenin pathway17, ILK/ extracellular signal-regulated kinase 1/2 
and ILK/p3818, and crosstalk between focal adhesion kinase/mitogen-activated protein kinase and ILK/β-
Catenin pathways19 facilitate osteogenesis of stem cells. 
In vivo, the ECM of  most tissues, for instance, bone, tendon, and nerve, have anisotropic architectures 
composed of  aligned nano/micro-scaled structures20–23. There are various studies focused on the impact of  
anisotropic structures on the differentiation of  stem cells. Kukumberg et al.24 investigated the influence of  
anisotropic topography on the endothelial differentiation of  MSCs, and found that the 1.8 µm diameter 
convex microlens pattern combined with the vascular endothelial growth factor (VEGF) was found to be 
most efficient for differentiation. Tan and co-workers25 prepared a multi-architecture chip with different 
topographical structures and parameters to study the neuron differentiation of  neural progenitor cells. The 
data revealed that the different combinations of  parameters (grating, spacing, height) triggered cells towards 
varied degree of  neuronal differentiation. These studies illustrate that topography with specific parameters 
enhances osteogenic and neuronal differentiation. However, it should be noted that many of  these studies 
use topographies with parameters that are relatively chosen arbitrarily, which provided significant yet limited 
information. Furthermore, the structures mentioned above are extremely complex with various 
combinations of  topography parameters (i.e., groove, ridge, and pitch); therefore, the parameters that play 
an important role in guiding cell behavior are not exactly known unless these parameters are decoupled. 
Therefore, in order to better understand the relevant topographical features, it is essential to systematically 
change one parameter to determine its influence on cellular behaviors. 
Surface topographical gradients provide an ideal platform to study cell behavior in a HTS manner. This 
method is time and cost-efficient, and minimizes systematic or methodological errors26. Furthermore, the 
platform can screen for the optimum topographical parameters for promoting specific cellular processes26–

29. Previously, our group studied cell contact guidance using micro/nano-topographical gradients and found 
that the parameter of  topography has an essential effect on various cell activity, for example, cell orientation, 
elongation, migration and differentiation30–37. The wavy-like wrinkle structure is a powerful tool for 
engineering nano- and microstructures in a cost-effective way38,39. In addition, the grating structure consists 
of  sharp corners or edges that may not be supportive for cells38,39. Furthermore, wrinkles consists of  two 
parameters namely wavelength and amplitude, and these two parameters have always been coupled in 
previous studies. However, by decoupling the wavelength and amplitude, specific insights in individual 
contributions of  topography parameters may be gained. 
In this study, we hypothesize that both wavelength and pitch contribute to topography-mediated cell 
stimulation. To investigate these individual contributions of  topography parameters, we prepared a HTS 
platform consisting of  70 different combinations of  wavelengths and amplitudes in one 96-well plate, 
following work by van der Boon et al..40 By sequentially preparing aligned topography gradients via a silicone 
stretch-oxidation-release method and imprinting lithography, followed by selective amplitude reduction 
using plasma oxidation for different durations, amplitude and wavelength were decoupled and the whole 
substrate was integrated into standardized well-plate technology. Using the multi-parameter topography well 
plate, the optimum wavelength/amplitude combination for osteogenesis of  human bone marrow-derived 
mesenchymal stem cells (hBM-MSCs) was investigated. The wrinkle parameters were characterized by 
atomic force microscopy (AFM). hBM-MSCs were seeded to study the influences of  wrinkle parameters on 
macroscopic cell behavior (i.e., cell area, cell elongation, and nucleus area), and osteogenic differentiation, 
which was examined by immunofluorescent staining of  alkaline phosphate (ALP) and Alizarin Red staining, 
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respectively. This HTS platform facilitates the understanding of  the relationships between bio-interface and 
biological behavior, and the screening capability provides great potential for the designing of  biomaterials. 
 
4.2 Methods 
 
4.2.1 PDMS film preparation and wrinkle gradient formation 
PDMS film and wrinkle gradient were prepared as described previously30,41. Briefly, PDMS substrate was 
fabricated by mixing the liquid PDMS precursor and curing agent (Sylgard 184, Dow Corning) by weight 
ratio of  10:1. The mixtures were degassed for 15 min to remove air bubbles, and cured at 70 °C overnight. 
For the wrinkled gradient, the cured PDMS (10.5 × 9 cm) was stretched uniaxially to 120% of  the original 
length, then the surface was covered with a right angled triangular prism mask (10 × 8 cm, with an angular 
aperture of  30°) and oxidized in air plasma (Plasma Activate Flecto 10 USB, maximum intensity) for 650 s 
at 25 mTorr. After oxidation, a glassy layer (SiO2) is formed on the surface of  substrate, and due to the 
shielded role of  the mask the thickness of  the SiO2 layer decreases from the most exposed side (mask 
opening) to the least exposed side. The mask dimensions provide control over the oxidation gradient 
development. Afterwards, the strain was released, inducing the formation of  wrinkled gradient, and the 
wrinkle wavelength and amplitude increased from the lowest oxidized region (closed side) to the highest 
oxidized region (open side of  the mask). All substrates were further oxidized for 10 min under the pressure 
100−150 mTorr to make the surface completely oxidized, which was beneficial for the imprinting process. 
 
4.2.2 Imprinting 
The fabricated PDMS wrinkle gradient was used as mold, and a fresh mixture of  precursor and curing agent 
(weight ratio of  10:1) was poured onto it, followed by overnight curing at 70 °C. Afterwards, the mold was 
removed and the newly prepared substrate with wrinkle gradient was used for further study. 
 
4.2.3 Decouple the wavelength and amplitude 
After imprinting, the fresh PDMS membrane has again the elastomeric properties rather than the oxidized 
surface of the mold while the same wrinkle structures as the mold are still present. Then the soft PDMS 
membrane was oxidized with a flat mask for different time (0 s, 5 s, 10 s, 20 s, 1 min, 2 min and 10 min). 
Longer plasma oxidation time resulted in more reduction in amplitude of the wrinkles. After that, the PDMS 
substrate was imprinted again to ensure the surface chemical and mechanical properties are the same for all 
samples. The substrates were further oxidized by plasma at 500 mTorr for 1 min and used for integrating it 
into the well plate. The flat substrate (10:1 for the ratio of  precursor and curing agent) was prepared and 
oxidized with same condition of  plasma mentioned above, to confirm all the substrates have the same 
chemical and mechanical properties. 
 
4.2.4 PDMS surface characterization 
Topography images were obtained by atomic force microscope (AFM, Nanoscope V Dimension 3100 
microscope, Veeco, United States) performed with tapping mode in the air (DNP-10 tip). The wavelength 
and amplitude of  the wrinkle gradient were determined by NanoScope Analysis software.  
 
4.2.5 Well plate embedding 
The bottomless 96-well plate embedded with PDMS membrane was prepared as described previously40. 
Briefly, the samples for wrinkle gradient were cut into size of  9.6 × 7.5 cm, to cover wells A1−H1 through 
columns 1−10 of  the plate (Greiner Bio-One no. 655101), and column 11 was sacrificed to connect the 
wrinkle gradient with column 12, which acts as flat control (1.5 × 7.5 cm) (Figure S1). Then the area of  the 
plate bottom was coated with liquid mixture of  precursor and curing agent, and the plate was put into the 
oven for the mixture to form a glue-like state. The two substrates were carefully placed on the top of  the 
glue, and pressed firmly to make sure a good connection is produced. At last, ~32 g of  PDMS mixture was 
poured on the top of  the bottom . Samples were cured at 70 °C for 3 hours to seal the bottom.  
 
4.2.6 Cell culture 
hBM-MSCs obtained from Lonza were used for the experiments. hBM-MSCs were cultured in proliferation 
medium comprising Alpha modified Eagle medium (Gibco), 10% fetal bovine serum (Gibco), 0.1% ascorbic 
acid 2-phosphate (Sigma) and 1% penicillin/streptomycin (Gibco). Cells were cultured at 37 °C in the 
presence of  5% CO2. The medium was refreshed every three days and cells were detached with trypsin and 
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harvested at 80% confluence. hBM-MSCs of  passage 4 were used for all of  the experiments.  
 
4.2.7 Immunostaining 
The embedded well plate was sterilized by 75% ethanol and then washed with Dulbecco's phosphate-
buffered saline (DPBS). Afterwards, 2500 cells of  hBM-MSCs were seeded in each well. For immunostaining, 
hBM-MSCs seeded on the different topographical patterns were fixed in 3.7% paraformaldehyde (PFA, 
Sigma) solution for 20 min at room temperature, and subsequently permeabilized with 0.5% Triton X-100 
(Sigma) solution for 3 min and incubated with 5% bovine serum albumin (BSA, Sigma) in PBS for 30 min. 
Then, the cells were stained with primary anti-ALP antibody (Developmental Hybridoma Bank, B4-78, 
1:100) for 1 h, and secondary Rhodamine RedTM-X-conjugated goat-anti-mouse antibody (Jackson 
Immunolab, 1:100) and 4′ 6‐diamidino‐2‐phenylindole (DAPI), TRITC-phalloidin for 1 hour. Finally, 
the images were taken with TissueFaxs (Tissue-Gnostics GmbH, Vienna, Austria). Cell area and nucleus 
area was determined by TissueQuest. Cell elongation was calculated as the ratio between the length of  the 
cell major axis and length of  the minor axis (for the quantification of  cell area, nucleus area, and cell 
elongation, ≥ 60 cells for each sample and 3 independent experiment were analyzed). 
 
4.2.8 Osteogenic differentiation of  MSCs 
hBM-MSCs were seeded onto substrates at a cell density of 2500 cells/well. All plates were stored in an 
incubator at 37 °C, 5% CO2, and after 24 h the medium was exchanged for osteogenic differentiation 
medium (OM) composed of  growth medium and osteogenic supplements (10 mM glycerophosphate (Sigma) 
and 100 nM dexamethasone (Sigma)) for 14−21 days. The culture medium was replaced every 3 days. ALP 
and nucleus staining were performed by the method of  mentioned above. 
To further examine osteogenesis, mineralization of  the ECM was stained by Alizarin Red after 21 days under 
OM. The samples were washed twice with DPBS, fixed with 4% PFA for 15 minutes and then 0.1% Alizarin 
Red solution was added into the wells. After 30 min, the wells were washed with DPBS to remove the excess 
of  Alizarin Red solution. For a quantitative analysis, the cultures stained with Alizarin Red were de-stained 
with 10% cetylpyridinum chloride in 10 mM sodium phosphate buffer for 30 minutes to release the bound 
calcium. The supernatant was collected and a microplate reader (BMG LABTECH, Offenburg, Germany) 
was used to measure the absorbance at 540 nm. The values were normalized for the cell numbers for each 
well, and cell number was quantified by nucleus stained with DAPI through TissueQuest. 
 
4.2.9 Statistics  
All values are expressed as the mean ± standard deviation. Origin 9.0 software was used to perform statistical 
analysis. One-way analysis of  variance (ANOVA) was used with Tukey’s test to identify differences between 
groups. *P < 0.05, **P < 0.01, and ***P < 0.001, respectively. 
 
4.3 Results and Discussion 
 
4.3.1 Preparation of  wrinkle gradient and surface characterization 
The preparation process for the topographical gradient is illustrated in Figure 1. During the process, PDMS 
substrate was uniaxially stretched and plasma oxidized with the surface being shielded using a right-angled 
triangular prism mask. After releasing the strain, the wrinkle gradient forms, and the wrinkle parameters 
were tunable by changing the oxidation time, angle of  the mask as well as pressure. The wrinkle size 
increased with increasing plasma exposure occurring from the least exposed side to the most exposed side, 
and the largest wrinkle dimensions were observed when extending to the area without mask (fully exposed 
to plasma). It has to be noted that the amplitude and wavelength are always coupled, and larger wavelengths 
are correlated with higher amplitudes. 
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Figure 1. (A) Schematic diagrams of  the formation of  high throughput screening platform by air plasma 
oxidation. The PDMS membrane was stretched uniaxially to 120% of  the original length, followed by 
covering with a mask and oxidized in air plasma (first time). After oxidation, releasing the strain induced the 
formation of  wrinkled gradient. After imprinting, the new soft PDMS membrane was oxidized to decrease 
the amplitude or decouple the wavelength and amplitude. (B) The HTS platform was integrated with 
bottomless 96-well plate and suitable for using in commercially available imaging systems such as the 
TissueFax.. 
 
The surface features after imprinting (before the second oxidation treatment) were characterized by AFM, 
as shown in Figure 2A. The anisotropic gradients were prepared with amplitudes ranging from 144 to 2854 
nm and wavelengths between 0.91 and 13.62 μm, as shown in Figures 2B and 2C where the numbers depict 
the column number of  the final position in the 96-well plate. There is not a linear increase for the 
development of  wavelength and amplitude but a steeper increase (after the 8th position) toward the end of  
the gradient. However, for the wrinkle, wavelength and amplitude are always coupled. In order to determine 
the optimum parameter promoting the osteogenic differentiation of  hBM-MSCs, it is important to decouple 
these two parameters. 
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Figure 2. (A) Representative AFM images and amplitude curves of  wrinkles along the gradient after 
imprinting. The number (1, 2, …10) in the AFM image stands for the column number in 96-well plate. 
Quantification analysis of  wavelength (B) and amplitude (C) of  the created wrinkle gradient. ≥30 wrinkles 
for each sample and three independent imprints were analyzed. Scale bar represents 5 μm. 

 
4.3.2 Decoupling the amplitude via plasma oxidation  
The surface of  the substrate formed a bioglass-like (SiO2) layer after the oxidation process30. Therefore, it 
is crucial for the mold to be imprinted into pristine PDMS before the second time plasma oxidation. The 
amplitude of  the wrinkles were found to decrease when applying the second time plasma oxidation and 
longer time generated the lower amplitude (Figure 3). The oxidation provides stiffening and surface cross-
linking. The combination of  surface cross-linking, loss of  the organic segments of  the PDMS due to over-
oxidation, and the transformation from an elastomeric to more organized phase most likely induces tension 
on the surface. As a result of  this tension, the wrinkles are affected and it was found that particularly the 
amplitude was influenced the most resulting in reduction of  the amplitude while the wavelength was found 
to remain the same. Therefore, in this way, the wavelength and amplitude were decoupled and control over 
the amount of  amplitude reduction was achieved by altering the oxidation time. By shielding the rows 
sequentially, the high throughput platform was prepared by moving the mask gradually (Figure 1A).  
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Figure 3. (A) Representative AFM images taken after imprinting and amplitude curves of  the wrinkles 
along the gradient after different time (0 s, 20 s, 10 min) of  plasma oxidation. (B) The variation curve of  
amplitude after the second time plasma oxidation. ≥30 wrinkles for each sample and three independent 
substrates were analyzed. Scale bar represents 5 μm. 
 
As shown in Figure 3, after the plasma oxidation for different times, the wrinkle retained their shape but 
as observed from the height profiles, the amplitude decreased after the oxidation. Furthermore, a longer 
oxidation time resulted in a lower amplitude (Figure 3A). For column 1, the amplitude decreased from 144 
nm to 6 nm while column 10 displayed a reduction in amplitude from 2854 nm to 833 nm (Figure 3B). 
Every row had the same wavelength development, while the wavelength was fixed within a column. However, 
within a column the amplitudes gradually decreased from row A to G. This approach provides the 
foundation for the HTS platform consisting of  70 different combinations of  wavelengths and amplitudes. 
The substrate with 9.6 cm length and 7.5 cm width was chosen (Figure S1) to cover the area from column 
1 to the middle of  column 11. A flat control was placed in column 12. The integration of  the substrates 
into a 96-well plate ensures proper handling since no variations in surface location are possible, a gradient 
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is highly susceptible to small differences in location. An additional important aspect is that it allows the 
technology to be used more broadly as the well plate technology is compatible with standardized equipment 
and able to be used by all without prior specific training. 
 
4.3.3 Macroscopic behavior of  hBM-MSCs modulated by wrinkle wavelength and amplitude  
Cell elongation and orientation are crucial features for many anisotropic tissue functions42. Using the 
screening platform composed of  different wavelengths and amplitudes as culture substrates, we investigated 
the influence on the morphology and orientation of  hBM-MSCs. For this purpose, cells were cultured for 
1 day on the substrates. As shown in Figure 4A (the image for all the wells are displayed in Figure S2), cell 
behavior was analyzed by TissueFaxs. From the fluorescence imaging of  cells within the various wells, it is 
clearly shown that the cells became more oriented and elongated with increasing wavelength. For instance, 
compared to position G1, cells cultured on position G10 showed high elongation and orientation along the 
long axis of  the wrinkles. There were similar trends for other rows. More importantly, for the same 
wavelength, with the decrease of  amplitude, the morphology of  cells changed from elongated and oriented 
to a more random shape (for example, A1 to G1). 
Furthermore, cell area, cell elongation, and nucleus area were determined by TissueQuest. A 2D heat map 
representation originating from analysis of  every well within the well-plate, showed the cell area, cell 
elongation and nucleus area after 24 h culture (Figure 4B, 4C, and Figure S3). The cell spreading was 
visualized by analyzing phalloidin stained fiber actin. As shown in Figure 4B, the cell area is greatly 
influenced by the amplitude of  wrinkle. The cell area increased with decreasing amplitude, which was 
observed in column 9 where the average cell area of  3651 μm2 at the low amplitude side decreased to 1062 
μm2 at the higher amplitude side. This decrease was observed for all wavelengths and indicates that lower 
amplitude of  wrinkle enhances the cell spreading and higher amplitude suppresses it.  
 

Figure 4. (A) Representative fluorescent images of  hBM-MSCs cultured on different wells in the 96-well 
plate. TRITC-phalloidin (red) and DAPI (blue) was used to stain F-actin and cell nucleus, respectively. Scale 
bar represents 100 μm. 2D heat map representations of  cell area (B) and cell aspect ratio (C) for the HTS 
platform (≥ 60 cells were analyzed). Each experiment was performed in triplicate. 
 
The cell aspect ratio (CAR) is an essential characterization of  cell shape43. Moreover, the differentiation 
behavior of  stem cells could be dramatically affected by AR43–45. As shown in Figure 4C, AR was adjusted 
synergistically by wavelength and amplitude. With the decreasing of  amplitude, there has been a steep drop 
in the CAR, suggesting that a higher amplitude enhances the CAR and lower amplitudes suppresses it. 
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Furthermore, the CAR increased with increasing wavelength, and the largest CAR was found on the position 
A10 (AR: 11.83) which was the position with highest wavelength and amplitude. Several studies reported 
that different values for the CAR have a great effect on the osteogenic and adipogenic differentiation of  
MSCs. Kilian and co-workers45 examined three cases of  CAR (1, 1.5, 4), and found that adipogenesis 
decreased with CAR and observed a monotonic increase of  osteogenesis with increasing CAR. Ding et al.44 
studied 6 cases of  AR (1, 1.5, 2, 4, 8, 16), and found the same conclusion for adipogenic differentiation and 
2 is the optimal for osteogenesis. Moreover, Ding et al.43 revealed that CAR itself  is an inherent factor for 
guiding lineage commitment of  MSCs, regardless of  chemical factors. Although, these studies have provided 
valuable information, it is important to note that most studies focused on the CAR with discrete values, not 
in a continuous way. In contrast, in this study, cells showed varied CAR ranging from 3.42 to 11.83, which is 
advantageous to explore the influence of  different CAR on the fate commitment of  stem cells. 
The nucleus size is closely associated with nuclear function and cell differentiation46. It was found that cells 
exhibited larger nucleus area on the HTS platform with smaller amplitude (Figure S3). Cells grown on the 
small wrinkle side showed an increase in the nucleus area per cell with decreasing amplitude going from 
average nucleus area of  234 μm2 at the low amplitude side to 139 μm2 at the high amplitude side. Similarly, 
cells showed the same trend when cells were on the larger wrinkle side. Taken together, these results indicate 
that the amplitude of  wrinkle has a significant influence on the cell spreading and morphology. Moreover, 
amplitude and wavelength have a combined role for these phenomena. 
 
4.3.4 The optimum parameter of  wrinkle for the osteogenesis of  hBM-MSCs  
To identify the optimum wrinkle parameter for osteogenic differentiation, hBM-MSCs were cultured in OM 
for 14 and 21 days. The osteogenic differentiation was evaluated by the immunofluorescent staining of  ALP 
and Alizarin Red staining. 
 
4.3.4.1 ALP expression 
ALP activity is a marker for the osteogenesis of  stem cells47, and used to evaluate osteogenic differentiation 
of  hBM-MSC48. For visualize the differentiation on the HTS platform, the cells were stained with the 
antibody against ALP after 2 weeks of  culture. Figure 5A shows that hBM-MSCs displayed varied 
fluorescence density of  ALP on the HTS platform. With the decrease of  amplitude, a gradual rise in the 
intensity of  ALP was observed followed by a drop, suggesting that the expression of  ALP is significantly 
influenced by the amplitude of  wrinkle. For the wrinkle gradient (X-axis), ALP expression displayed a similar 
trend as mentioned above. The expression was quantified by evaluating the intensity of  fluorescence 
(Figure 5B). The fluorescent intensity is normalized to the cell number and it indicates a good agreement 
with the qualitative analysis. The optimum positions on the HTS topography well plate for osteogenic 
differentiation were B4 and C3, and the corresponding parameters of  wrinkles were W: 1.91 μm/A: 360 nm 
for B4, and 1.55 μm/173 nm for C3. Furthermore, ALP staining for representative positions (i.e., flat, B4, 
C3, D6, and F9) were displayed in Figure 5C. 
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Figure 5. (A) Immunofluorescent staining of  ALP for hBM-MSCs grown on the HTS platform cultured 
in OM for 14 days. Nucleus (blue) and ALP (red) were stained. (B) 2D heat map representations of  the 
ALP intensity which was normalized by cell number (at least 50 cells were analyzed), and each experiment 
was performed in triplicate. (C) Immunofluorescent staining of  ALP for hBM-MSCs grown on flat, B4, C3, 
D6, F9, cultured in OM for 14 days. Nucleus (blue) and ALP (red) were stained. Scale bar represents 100 
μm.  
 
4.3.4.2 Alizarin Red staining 
Mineralization is an important indicator of osteoblasts, and the nodules can be stained by Alizarin Red, 
which is commonly used to evaluate the osteogenesis of stem cells49. From the results of ALP staining, the 
position B4, C3, D6, F9 (corresponded to the 96-well plate) and flat were selected, and the uniform 
substrates (suitable for 24-well plate) corresponding to the features of each of these positions were prepared 
for further study. Larger uniform substrates were prepared as the liquid handling (repetitive washing) within 
the 96-well plate was found to disturb the Alizarin Red stained nodules resulting in a less accurate read-out. 
For immunofluorescent staining this aspect was not a problem.  
After 21 days in OM, the mineralized nodules on the substrates were stained by Alizarin Red (Figure 6A). 
hBM-MSCs grown on the substrate B4 showed the highest expression of mineralization compared to those 
on the substrate C3 and D6, while the expression on F9 and flat was rather minimal. The value of OD at 
540nm was measured to further quantify the mineralization of  hBM-MSC. As shown in Figure 6B, the 
highest OD540 was obtained for cells cultured on B4 followed by those on C3, which suggests the best 
osteogenic differentiation. The value was significantly lower for 9F and flat. The mineralization results are 
in consistent with the ALP expression. Taken together, these results indicate that the optimum parameter 
for osteogenic differentiation of  stem cells is B4 (W: 1.91 μm/A: 360 nm) and that the 96-well plate with 
double topography parameter alterations is a valuable tool to identify topography-mediated cell responses. 

 
Figure 6. (A) Representative images of  calcium stained with Alizarin Red for hBM-MSCs cultured in OM 
for 21 days. (B) Quantification of  the extent of  mineralization, normalized by cell number, and each 
experiment was performed in triplicate. Data are shown as mean ± standard deviation (SD), and **P < 0.01, 
*P < 0.05. Scale bar represents 0.5 cm. 
 
4.4 Conclusion 
 
The HTS platform consisting of  70 different combinations of  wavelengths and amplitudes in one 96-well 
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plate was successfully prepared. The key feature is the possibility to decouple the wavelength and amplitude 
and thereby allowing to identify the contribution to cell behavior of  both parameters. The results of  the cell 
culture in vitro show that the cell area, elongation, and nucleus area were significantly influenced by the varied 
wrinkle parameters. Furthermore, hBM-MSCs showed different osteogenic differentiation capacity on the 
platform, and the optimum parameter for the wrinkle features was identified to be W: 1.91 μm/A: 360 nm 
(B4). The platform with a broad topography spectrum is an elegant substrate for the investigation of  
topography directing fate commitment of  stem cells. Also, this versatile platform employed herein that is 
usable by all with standard approaches and equipment provides a powerful strategy for improving the 
development of  biomaterials for bone tissue engineering.  
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CHAPTER 5 
 
 

High Throughput Screening and 
Hierarchical Topography-mediated 
Neural Differentiation of Mesenchymal 
Stem Cells 
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Abstract 
 
Biophysical factors such as anisotropic topography composed of micro/nano-sized structures are important 
for directing the fate of human bone marrow derived mesenchymal stem cells (hBM-MSCs) and have been 
applied to neuronal differentiation. Via high-throughput screening (HTS) methods based on topography 
gradients, the optimum topography were determined and translated towards a hierarchical architecture 
designed to mimic the nerve nano/micro structure. The Polydimethylsiloxane (PDMS)-based topography 
gradient with amplitudes (A) from 541-3073 nm and wavelengths (W) between 4-30 μm was developed and 
the fate commitment of MSCs towards neuron lineage was investigated. The hierarchical structures, 
combining nano- and microtopography (W0.3/ W26 parallel/perpendicular) were fabricated to explore the 
combined topography effects on neuron differentiation. From the immunofluorescent staining results (Tuj1 
and MAP2), the substrate characterized by W: 26 μm/ A: 2.9 μm showed highest potential for promoting 
neurogenesis. Furthermore, the hierarchical features (W0.3/W26 parallel) significantly enhanced neural 
differentiation. The hBM-MSCs on the hierarchical substrates exhibited a significantly lower percentage of 
nuclear YAP/TAZ and weaker cell contractility indicating that the promoted neurogenesis is mediated by 
the cell tension and YAP/TAZ pathway. This research provides new insight into designing biomaterials for 
applications in neural tissue engineering and contributes to the understanding of topography-mediated 
neuronal differentiation. 
 
Keywords: high-throughput screening, anisotropic topography, neural differentiation, hierarchical 
structures, human mesenchymal stem cells 
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5.1 Introduction 
 
Neural regeneration aiming at repairing the central nervous system, including brain and spinal cord injury, 
poses great challenges in the clinic[1]. To overcome this, directed differentiation of stem cells into neurons 
has been developed for cell replacement therapy[2–5]. Stem cells are undifferentiated cells with self-renewal 
capacity and the ability to differentiate into multiple cell types[6], for instance, osteogenic[7], adipogenic[8], 
chondrogenic[9] and neurogenic[10] lineages, which hold tremendous promise for the field of regenerative 
medicine[11]. Therefore, precise control over the differentiation process is critical for the development of 
therapeutic approaches[12]. Previous research has shown that, in natural stem cell niche, the biophysical 
properties of extracellular matrix, e.g., topography[13–18], stiffness[19–22], elasticity[23,24] and bioelectricity[25,26], 
have sophisticated influence on the behavior of stem cells, including their adhesion, self-renewal, migration, 
and differentiation[27,28]. The surface topography significantly affects cell morphology, spreading, and 
orientation through a phenomenon known as contact guidance[29]. Cells sense such surface patterns ranging 
from 10 nm to 100 μm[30,31]. 
There are many studies focused on the neuron differentiation of stem cells mediated by topography. For 
example, Kim et al. [32–34] have developed a multi-architecture chip (MARC) array consisting of isotropic 
and anisotropic features, in nano- to micrometer dimensions to investigate the influence of different 
geometries and sizes in neural differentiation. Chi and co-workers[35] investigated the effect of nanograting 
substrates with different widths (width:350 nm/2 mm/5 mm, height: 300 nm) on human induced 
pluripotent stem cells development towards neuronal lineage. They found that a width of 350 nm induced 
the highest neuronal marker expression. However, most of these studies focused on independent substrates 
with randomly selected parameters, which provided interesting yet limited information. To date, there are 
relatively few studies devoted to the investigation of the high-throughput screening (HTS) of topography 
on neural differentiation. Im and co-workers[36] developed a series of anisotropic wrinkle structures with a 
range of wavelength (from 50 nm to 37 μm), and found two distinct characteristic length regions (100 nm 
and the wavelengths larger than 1.4 μm) that enhanced the neuron differentiation. However, in their study 
the wavelength parameters were not altered in a continuous way, thereby providing interesting but 
incomplete information. 
High-throughput screening has the ability to scale up the number of interested samples, allowing the 
simultaneous analysis of numerous important parameters including biophysical and (bio)chemical factors[37], 
and the optimum parameter is screened at last. Topography and stiffness gradients offer an ideal platform 
to address the advantage of high-throughput screening on cell behavior[38]. This platform allows systematic 
studies to be performed with a continuously varying surface parameter, so there is hundreds or even 
thousands of material parameters in a single substrate. Moreover, it is time and cost-efficient, and minimizes 
systematic or methodological errors[39]. Previously, our group utilized micro/nano-topographical gradients 
for studying cell contact guidance and found that hBM-MSCs alignment, elongation, cytoskeleton 
arrangement, filopodia development as well as cell adhesion significantly depended on the parameter of 
topography[38,40]. Additionally, we found that topography-induced cell behavior greatly depends on the cell 
type, and the differentiation of  satellite cells towards skeletal muscle had a positive stimulus originating 
from different topography dimensions than that MSCs do[41–44].  
In addition, it is important to note that the ECM architecture of nerve tissue in vivo, is composed of complex 
and anisotropically hierarchical structure with various sizes ranging from nanometers to micrometers that 
interacts with cells and regulates their behavior and fate[45]. This hierarchical structure could induce stem 
cell differentiation through the interaction between cells and micro- and nanostructured surfaces[12]. 
Microscale cues induce morphological changes, direct the rearrangement of the cytoskeleton, alter the shape 
of the nucleus, and modulate related gene expression[46]. Nanoscale cues can promote the clustering of 
integrins, followed by the activation of the integrin-mediated intracellular signaling pathway and in turn 
regulates stem cell differentiation[47]. However, there are few studies reporting spatial control of neuron 
differentiation of stem cells using topographies with different spatial dimensions ranging from nanometers 
to micrometers due to difficulties in the preparation of such hierarchical structures on a single substrate and 
use arbitrary features without any optimization approaches. 
The research question we aimed to address is “Do combined nano- and microtopography enhance the 
neuronal differentiation?”. Rather than utilizing arbitrarily chosen features, we firstly identified the optimum 
microtopography features by developing an aligned PDMS-based topography (wrinkle) gradient 
(Wavelength range from 4 μm to 30 μm, and Amplitude range from 541 nm to 3073 nm) to systematically 
investigate the effect on the commitment of hBM-MSCs towards neuron lineage differentiation. Moreover, 
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the optimum microtopography for neurogenesis was identified and further combined with the previously 
identified nanotopography to stimulate different pathways simultaneously. The differentiation behavior was 
analyzed by different markers (Tuj1 and MAP2 for neurons, GFAP for astrocytes) after culturing cells for 
the different time periods (7, 14, and 21 days). The workflow is shown in Figure 1. Furthermore, the 
combined effect of nanosized and microsized topography was investigated utilizing hierarchical wrinkled 
structures where the orientation of the nanotopography with respect to the microtopography was varied. 
Intriguingly, the hierarchical structure showed enhanced neurogenesis in comparison to single-scale 
structures and the orientation of both features with respect to one another tremendously affected the 
differentiation potential. Besides, to understand the underneath mechanism, cell contractility and YAP-TAZ 
localization were characterized by immunofluorescent staining. Taken together, this finding enables us to 
understand the wrinkle size dependency of mechanosensitive neural differentiation but also provides a new 
insight into the rational design of scaffolds for neural tissue engineering.  

 
Figure 1. Schematic representation of the screening platform for neuron differentiation. (A) Wrinkle 
gradient was prepared by the shielded plasma oxidation. (B) The workflow of the differentiation process. 
hBM-MSCs were cultured on wrinkle gradient for 7, 14, and 21 days to induce neurogenesis. The 
differentiation behavior was analyzed by immunofluorescent staining with different markers (Tuj1 and 
MAP2 for neurons, GFAP for astrocytes, respectively) and further imaged with TissueFaxs. 
 
5.2 Methods 
 
5.2.1 PDMS preparation and wrinkle gradient formation: PDMS film was prepared as described 
previously[38]. Briefly, PDMS precursor was mixed with cross-linker (Sylgard 184, Dow Corning) in a ratio 
of 15:1 by weight. The mixtures were vigorously stirred with a spatula, degassed under vacuum for 15 min 
to remove the air bubbles completely, and deposited onto cleaned 12 × 12 cm squared polystyrene Petri 
dish. The poured PDMS was cured at 70 °C overnight. After curing, the elastomer film was cut into the 
desired dimension. 
PDMS substrates with wrinkle gradient were prepared as described previously. For the wrinkled gradient 
with SiO2 surface, the PDMS membrane was placed in a custom-made stretching apparatus and stretched 
uniaxial by 10% of the original length. Stretched PDMS was partly covered with a right angled triangular 
prism mask (1.3 cm) and oxidized in air plasma under the stable pressure (Plasma Activate Flecto 10 USB, 
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maximum intensity). After oxidation, the strain was released,  which induced wrinkle gradient formation 
with different wavelengths and amplitudes. PDMS wrinkle gradient was applied as molds on which a fresh 
mixture of elastomer base/cross-linker (10:1) was poured, followed by curing at 70 °C overnight. After that, 
the molds were removed and the freshly prepared PDMS substrates with wrinkle gradient were additionally 
treated with air plasma at 500 mTorr for 1 min and used for cell seeding. This imprinting approach led to 
the same surface chemistry and mechanical properties on PDMS wrinkle gradient.  
 
5.2.2 Preparation of single scale structure and hierarchical architecture: The single scale anisotropic 
substrates (Wavelength: 0.3 μm, 26 μm) were prepared as described previously[58]. For the preparation of 
the anisotropic wrinkle structure, the conditions are summarized in Table. 1. The different surface 
topographies are named as Flat, W0.3, and W26.  
 

Table 1. Conditions for PDMS substrates (molds) with different wrinkle parameters 

Substrate∗ Ratio of prepolymer 
and cross-linker 

Stretched 
percent [%] 

Operating 
Pressure 
[Torr] 

Plasma 
Time [s] 

Flat 10:1 --- --- --- 

W0.3/A0.02 10:1                                       30 14 40 

W26/A2.9 15:1 10 0.025 1800 

∗ W and A are the abbreviation of wavelength and amplitude, respectively, and the unit for W and A is μm. The different 
surface topographies are further reported as Flat, W0.3, and W26. 
 
For the fabrication of the hierarchical wrinkle structure, the imprinted W26 substrate (10:1 
prepolymer:cross-linker) was used as a new substrate, which is suitable to perform the stretch-plasma 
oxidation-release process for incorporating W0.3 on the top of W26 substrate. Importantly, the stretch 
direction could  be varied with respect to the direction of the first substrate, and thereby the double scale 
hierarchical structure was fabricated with a variation in the topography direction. Here substrates with 
parallel direction (W0.3∥W26) and perpendicular direction (W0.3⊥W26) were fabricated and were 
subsequently named as W0.3∥26 and W0.3⊥26, respectively. To keep the same surface chemistry and 
mechanical properties, single scale and hierarchical substrates were  performed the same imprinting process 
and treated with air plasma at 500 mTorr for 1 min  for cell seeding. 
 
5.2.3 PDMS surface characterization: AFM images were obtained by atomic force microscope 
(Nanoscope V Dimension 3100 microscope, Veeco, United States) operating with the tapping mode in air 
(model DNP-10 tip). To determine the wavelength and amplitude of the topographies, the obtained AFM 
images were analyzed using NanoScope Analysis software. 
 
5.2.4 Cell culture: hBM-MSCs obtained from Lonza were used for the experiments.  hBM-MSCs were 
cultured in growth medium composed of Alpha modified Eagle medium (Gibco), 10% (v/v) fetal bovine 
serum (Gibco), 0.1% ascorbic acid 2-phosphate (Sigma) and 1% penicillin/streptomycin (Gibco). Cells from 
three different batches were mixed to account for donor heterogeneity and were incubated in T75 culture 
flasks at 37 °C in a humidified atmosphere with 5% CO2. The culture medium was changed every three days 
and cells were harvested at ≈80% confluency. MSCs of passage 4 were used for all of the experiments.  
 
5.2.5 Neuronal differentiation: All of the wrinkle substrates were first cleaned with 70% ethanol for 2 min 
and washed three times with Dulbecco’s phosphate-buffered saline (D-PBS) solution. Then, hBM-MSCs 
were seeded onto the wrinkled substrate at a seeding density of 1.0×104 cells/well in 24 well plates. To 
induce neuronal differentiation the growth medium was replaced with neuronal induction medium (IM) 
composed of growth medium supplemented with 20 ng/ml basic fibroblast growth factor (bFGF, 
Peprotech), 10 ng/ ml human nerve growth factor (β-NGF, Peprotech), 10 ng/ml human brain-derived 
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neurotrophic factor (bDNF, Peprotech) and 2% B27 (Gibco). The culture medium was changed every 
three days. The Flat PDMS served as a control. 
 
5.2.6 Immunofluorescence staining and imaging: At the end of cell culturing time point, the cells on 
PDMS scaffolds were fixed in 3.7% paraformaldehyde (Sigma) for 20 min and subsequently permeabilized 
with 0.5% Triton X-100 (Sigma) for 3 min. The samples were blocked with 5% bovine serum albumin 
(Sigma) in PBS solution for 30 min and incubated with primary antibody solution and later with  secondary 
antibody solution for 1 h, respectively. The primary antibodies with their respective optimized 
concentrations were: mouse anti- β -tubulin III (Tuj1) antibody (1:100, Santa Cruze); mouse anti-
microtubule associated protein 2 (MAP2) antibody (Santa Cruze, 1:50); mouse anti-glial fibrillary acidic 
protein (GFAP) antibody (Santa Cruze, 1:50), YAP-TAZ (Santa Cruz Biotechnology, SC-101199, 1:100), 
pMLC (Cell Signaling, #3675, 1:100). The secondary antibody was Rhodamine Red™-X labeled goat-anti-
mouse antibody (Jackson Immunolab, 1:100). Nuclei and fiber actin were stained with DAPI (Invitrogen, 
1:100) and FITC/TRITC-phalloidin (Sigma, 1:100), respectively, by incubation for 1 hour. Finally, the cells 
were imaged with TissueFaxs, with a Zeiss AxioImager Z1Microscope System (Tissue-Gnostics GmbH, 
Vienna, Austria) at 10× magnification. Myosin and YAP staining was observed using a LEICA TCS SP2 
CLSM equipped with a 40× NA 0.80 water immersion objective. The cell area was analyzed by Tissue Quest 
software (high-throughput analysis technique) via fluorescent F-actin stained cells. Analysis for cell 
orientation was conducted with Fiji using the Orientation J plug-in, and for cell area and cell orientation, at 
least 200 cells were taken into consideration for each substrate. The expression of Tuj1, MAP2 and GFAP 
was evaluated quantitatively by determining the fluorescence output measured by Fiji software, and then 
normalized to cell number, determined by nucleus staining with DAPI, and then quantitatively analyze via 
the TissueQuest software (high-throughput analysis technique). The fluorescent intensity of myosin was 
quantified as described previously[59]. 
 
5.2.7 Statistics analysis: All data points are expressed as mean values ± standard deviation. Statistical 
analysis was performed with Origin 9.0 software. All data were analyzed using one-way analysis of variance 
(ANOVA) with Tukey’s test to determine differences between groups. A value of p < 0.05 was considered 
to be statistically significant. 
 
5.3 Results 
 
5.3.1 Surface characterization of wrinkle gradient 
For the preparation of the topography gradient, PDMS was uniaxially stretched and plasma oxidized. The 
surface was shielded with a right-angled triangular prism mask to create an oxidation gradient that translate 
to different topographies upon release of the applied strain. After releasing the strain, a stable wrinkled 
topographic gradient was generated, which is tunable as a function of plasma time, angle of mask and 
operating pressure[38]. It has to be noted that, to exclude variations in chemical composition and mechanical 
properties due to the varied intensity of plasma along the mask area, the PDMS wrinkle gradient was applied 
as a mold.  After that, a fresh mixture of elastomer base/cross-linker was applied on top of the molds. This 
imprinting approach led to a PDMS wrinkle gradient with different topographies but exhibiting the same 
surface chemistry and mechanical properties.  
The topography gradients were characterized by AFM. Measurements were acquired between 0 and 11.8 
mm with equal intervals. The wrinkle size increased from the least exposed side (close side of the mask) to 
the most exposed side (open side of the mask). The unidirectional gradients were obtained in a highly 
reproducible manner with amplitudes (A; nm) ranging from 541 to 3073 nm and wavelengths (W; μm) 
between 4 and 30 μm as shown in Figure 2A and 2B. Both amplitude and wavelength displayed a 
continuous gradual change and provides the means to study topography-driven neuronal differentiation of 
MSCs. 
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Figure 2. (A) AFM images and height profiles of wrinkle gradient obtained after imprinting. Flat substrates 
were obtained under the same conditions without applying the unidirectional strain. Scale bar is 10 μm and 
applies to all images. (B) Quantification of the wavelength and amplitude of the wrinkle gradient. Data are 
reported as mean ± standard deviation (SD) (n = 30 wrinkles, three independent imprints were analyzed). 
 
5.3.2 Effect of wrinkle gradient on neuronal differentiation of hBM-MSCs 
Having established the wrinkle gradient with controlled wavelengths and amplitudes, we investigated the 
topography-driven fate commitment of hBM-MSCs towards the neural lineage using the topography 
gradient. For this purpose, the fate commitment of hBM-MSCs cultured on the wrinkle gradient structure 
was monitored by immunostaining for neural lineage markers (Tuj1, MAP2) and astrocytic lineage marker 
(GFAP) for different days of cell incubation (7, 14 and 21 days), and Flat surface was used as a control. 
The immunodetection of Tuj1, an early marker of the neural differentiation process in undifferentiated 
MSCs, is shown in Figure 3. The image shows the relative expression of Tuj1 along the wrinkle gradient 
and Flat surface at day 7 (Figure 3A) and day 14 (Figure 3D). It is clearly seen that the intensity of Tuj1 
was gradually increased along the wrinkle gradient. The magnification is shown in Figure 3B and Figure 
3E. Interestingly, the intensity of Tuj1 expression for cells cultured on Flat surface was very low, indicating 
that the anisotropic wrinkle structure enhances the neuron differentiation compared to a Flat substrate. To 
further confirm this enhancement, the intensity of Tuj1 expression was quantified (Figure 3C for 7 days 
and Figure 3F for 14 days) and correlated well with the qualitative analysis. With the increase of wrinkle 
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size, the intensity of Tuj1 gradually increased, and the peak expression of normalized TUJ1 was found at 
the 10th position (Wavelength: 26.7 μm, amplitude: 2.89 μm) of the wrinkle gradient. Tuj1 intensity for the 
position of 10th was 30 times and 4.3 times higher for 7 and 14 days,  respectively, than that for cells cultured 
on Flat surface. The difference in relative increase of TUJ1 expression between 7 and 14 days compared to 
the flat control is attributed to the still increasing expression of TUJ1 on the flat substrate while the absolute 
increase on the wrinkled substrates was not increasing much anymore. These results indicate that hBM-
MSCs are sensitive to the wrinkle features and, and a larger wrinkle size is beneficial for neuron 
differentiation as illustrated by a higher expression of relevant markers at an earlier timepoint.  
To test this further, the immunodetection of MAP2, the late marker of the neural differentiation process, 
was also performed. As shown in Figure 4A, the intensity for MAP2 at day 7 on the wrinkle gradient and 
Flat surface were subtle and not visible, probably because the culture time was not long enough to stimulate 
the expression of MAP2 as it is a late marker. MAP2 staining for hBM-MSCs cultured for 14 days (Figure 
4B) and 21 days (Figure 4E) showed that the expression of MAP2 progressively increased along the wrinkle 
gradient. The magnifications are shown in Figure 4C and Figure 4F for 14 days and 21 days, respectively. 
The quantification of the normalized MAP2 is shown in Figure 4D and 4G. The highest intensity was 
found at the 10th position of the gradient, which is well consistent with the observation from Tuj1 staining. 
Compared to Flat surface, a 18 and 11.5 fold increase was observed at the 10th position for 14 days and 21 
days, respectively.  
In addition to Tuj1 and MAP2, the immunostaining of intermediate filament proteins of mature astrocytes 
(glial fibrillary acidic protein, GFAP) on the wrinkle gradient was shown in Figure S1. Importantly, the 
intensity of GFAP on the wrinkle gradient was not visible for 7, 14 and 21 days. In contrast, there was a 
slight intensity of GFAP expression on Flat surface for different days (7, 14 and 21 days), indicating that 
wrinkle structures could suppress hBM-MSCs differentiation into a glial lineage such as astrocytes. In the 
central nerve system (CNS), astrocytes contribute significantly to the formation of a glial scarring, which 
creates a barrier to axons[48]. Therefore, the differentiation of stem cells into astrocytes should be suppressed 
if stem cells are to be used in therapies for spinal cord injury.  
In summary, these results indicate that wrinkle size has a significant influence on the neural differentiation, 
which could be reflected by the varied intensity of neuron markers on the wrinkle gradient. More 
importantly, the optimum wrinkle features for the neurogenesis of stem cell were identified via efficient 
screening and it was found that wrinkle features with W: 26.7 μm/A: 2.89 μm supported neuronal 
differentiation the best. Therefore, W26/A2.9 was selected and prepared as a uniform substrate for further 
investigations onto which the previously identified nanofeatures are applied to study the combined effects. 
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Figure 3. Immunodetection of Tuj1 (in red) and nucleus staining (in blue) of cells cultured on wrinkle 
gradients for 7 (A) and14 days (D). Flat surface was used as control. (B), (E) The magnified image of the 
representative position. Scale bar represents 1 mm for the gradients and 100 μm for the magnified images. 
(C), (F) Quantitative analysis of Tuj1 expression normalized by Flat surface. Data are shown as mean ± 
standard deviation (SD), and *P < 0.05. Each experiment was performed in triplicate. 
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Figure 4. Immunodetection of MAP2 (in red) and nucleus staining (in blue) of cells cultured on wrinkle 
gradients for 7 (A), 14 (B), and 21 days (E). Flat surface was used as control. (C), (F) The magnified image 
of the representative position. Scale bar represents 1 mm for the gradients and 100 μm for the magnified 
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images. (D), (G) Quantitative analysis of MAP2 expression normalized by Flat surface. Data are shown as 
mean ± standard deviation (SD), and *P < 0.01. Each experiment was performed in triplicate. 
 
5.3.3 Enhanced neurogenesis by multiscale wrinkle topography 
Native ECM of the nerve tissue consists of complex and hierarchical structures with various sizes ranging 
from nanometers to micrometers[45]. Importantly, there is an ordered anisotropic structure within the tissue. 
Moreover, some researchers have found that aligned nanosized geometry is able to guide neural 
differentiation of stem cells[48,49]. Therefore, we hypothesized that hierarchical structure composed of 
different wrinkle sizes (nano- and micro-) may have an enhanced effect on the neural differentiation of 
hBM-MSCs. A methodology to fabricate micro- and nanostructured hierarchical PDMS substrates with 
tunable directions was first developed by a combination of sequentially aligned topography preparation via 
a silicone stretch-oxidation-release method and imprinting lithography.  
After the preparation of the single-scale substrate, the double-scaled hierarchical topography was fabricated. 
The orientation between newly added and the previous topography was done by controlling the stretching 
direction. It is important to point out that the addition of a new topography was performed after the 
preparation of larger feature. Besides, there will be a bioglass-like (SiO2) layer on the surface of substrate 
after the oxidation, so it is critical that before the preparation of hierarchical substrates, the mold was 
imprinted into pristine PDMS to obtain a soft substrate with the same topography of mold. This substrate 
can further be stretched and oxidized to create the hierarchical structure. The angle between the different 
topographies was varied by controlling the stretching direction of the freshly imprinted substrate (Figure 
5A and Figure 5B). Although any angle (orientation) may be chosen, we limited the system here to 0° 
(parallel) and 90° (perpendicular). In this study, two different scaled hierarchical substrates were prepared: 
double scale (W0.3 parallel and perpendicular with W26, which was further reported as W0.3∥W26 and 
W0.3⊥26, respectively), and single scale (Flat, W0.3, and W26).  
The surface features were characterized by AFM. As shown in Figure 5C, wave-like topographies (single 
scale) were achieved with varying dimensions (W0.3A0.02 and W26A2.9). Importantly, for hierarchical 
structures, W0.3 could be clearly observed on the top of W26. The height profile of the structured PDMS 
are shown in Figure 5D. Taken together, the AFM results demonstrate that the innovative fabrication 
method for hierarchical architectures is scalable and tunable, providing multi-scaled hierarchical substrates 
that are able to mimic the structure of nerve tissue. 
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Figure 5. Preparation of the hierarchical substrates. (A) When the stretch direction is parallel to the wrinkle, 
W0.3∥W26 is fabricated; (B) When the stretch direction is perpendicular to the wrinkle, W0.3⊥W26 is 
formed. (C) AFM images and (D) height profiles of the structured PDMS surfaces obtained after imprinting. 
The colored lines stand for the position from AFM image to draw the height profiles. Scale bar is 10 μm 
for the lower magnification image and 1 μm for the higher magnification image.  
 
To investigate the influence of the hierarchical substrates on cell morphology, hBM-MSCs were seeded on 
the different topographies and allowed to attach and spread for 24 hours. To visualize the cell morphology, 
the actin and nucleus were stained and imaged, respectively. Cell orientation, considered as the percentage 
of cells that have their major axis within 10° from the direction of the wrinkle, was quantified with Fiji 
software. As shown in Figure 6A, cell morphologies were significantly influenced by the surface topography. 
Cells grown on Flat and W0.3 had irregular morphology and were randomly oriented (19% and 30%, 
respectively). In contrast, cells cultured on W26 exhibited a higher degree of orientation (67%) along the 
direction of the wrinkle, and more elongated shapes. For the hierarchical structures, cells grown on the W0.3
∥26 showed the highest degree of orientation (86%), compared to the single-scale substrate (W0.3 and 
W26), indicating that hierarchical structure with parallel combination enhanced the orientation of hBM-
MSCs. In contrast, cells on the W0.3⊥26 showed irregular morphology and less degree of orientation (34%), 
suggesting that perpendicular combination suppressed the orientation.  
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Figure 6. Influence of hierarchical substrates on the morphology of hBM-MSCs cultured for 1 day. (A) 
Representative fluorescence microscopy images of hBM-MSCs grown on different topographies. Cell 
cytoskeleton and cell nucleus were stained with TRITC-labeled phalloidin (red) and by DAPI (blue), 
respectively. The white arrow indicates the direction of (larger) wrinkle. Scale bar on the gradients represents 
100 μm. (B) Corresponding angular histograms of cell cytoskeleton angles from results in (A). (C) Histogram 
of the statistical results of the cell area. Data are shown as mean ± standard deviation (SD), and *P < 0.05, 
**P < 0.01. Each experiment was performed in triplicate. 
 
In addition, we have also quantified the average single cell area by actin staining. Figure 6C displays that 
hBM-MSCs on Flat and W0.3 substrate exhibited the largest cell area (1746 μm2). In contrast, the cell area 
was much lower for W26, W0.3∥26 and W0.3⊥26 (1204, 597, and 791 μm2, respectively). These findings 
suggest that hierarchical substrates with different directions have a significant influence on the macroscopic 
behavior of hBM-MSCs. 
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Figure 7. Immunofluorescence staining of neural marker Tuj1 and MAP2 of cells cultured in neuronal 
induction medium (IM) for 14 days. (A) Cells were stained for DAPI (nucleus, blue), Tuj1 (red), and MAP2 
(red), respectively. Scale bar is 50 μm. Quantified expression of Tuj1 (B) and MAP2 (C) of cells cultured in 
single and double scales substrates normalized by Flat surface. Data are shown as mean ± standard deviation 
(SD), and **P < 0.01, ***P < 0.001. Each experiment was performed in triplicate. 
 
The neuron differentiation on different hierarchical substrates was examined by immunofluorescent staining 
similar as performed on the topography gradient. The immunostaining results (Figure 7A) for Tuj1 and 
MAP2 after 14 days of culturing cells in differentiation medium showed that neurogenesis was significantly 
upregulated for cells cultured on the W0.3∥26, compared with all other anisotropic structures and the Flat 
control. Quantification of these results (Figure 7B and 7C) corroborated this observation, displaying that 
the neurogenesis degree of hBM-MSCs for W0.3, W26, W0.3∥26 and W0.3⊥26 were 15, 26, 37, 23 times 
higher than that on the Flat substrate, respectively. The absolute outcomes between homogeneous wrinkle 
features such as W26 and those of the same size within the gradient approach display a slightly different 
behavior. This differences most likely occurs because the area of investigation within the gradient contains 
a mix of sizes (W26 is an average), influences of cell-cell communication (paracrine and physical contact) 
under different stimulation on the gradient. Therefore, it is pertinent to include correct controls and care 
needs to be taken to interpret results. Interestingly, for the hierarchical structure, the differentiation for cells 
grown on W0.3∥26 was more efficient than that on W0.3⊥26, indicating that the design where the 
nanotopography direction was parallel with the micro-structures, resembling the assembled nerve fibers, 
exhibited the highest degree of neurogenesis. Taken together, these results demonstrate that the hierarchical 
structure containing micro-sized and nano-sized wrinkles have a combined positive effect on the neuron 
fate commitment of hBM-MSCs as long as the orientation of the structure is chosen appropriately. 
 
5.3.4 Neural differentiation mediated by cell contractility and YAP-TAZ signal  
The combined enhancement of the neurogenesis in the multiscale substrate led us to explore the reason 
why the hierarchical structure showed the enhanced neurogenesis in comparison to the single-scale substrate. 
For this purpose , cell contractility or tension was characterized by phosphorylated myosins[50]. In our study, 
immunofluorescent staining of phosphorylated myosin light chain (pMLC) was performed for hMSCs after 
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24h culture. Representative fluorescence images of MSCs stained with pMLC are displayed in Figure 8. 
Interestingly, cells cultured on Flat and W0.3 were found to have higher levels of pMLC expression 
compared to W26 and hierarchical substrates. Quantitative results showed that the level of pMLC of the 
cells on Flat and W0.3 were 5.9 and 4.6-fold of that on the W0.3∥26, respectively. However, there is no 
significant difference between W26, W0.3∥26, and W0.3⊥26. These results indicate that the larger 
wrinkles have an important influence on the cell contractility and that hierarchical structures with the larger 
winkle structure as a feature does not alter the contractility. 

 
Figure 8. Fluorescent indication of cell tension on hierarchical structure substrates. (A) Typical fluorescence 
image of single stem cells on the indicated surfaces cultured in the growth medium for 24 h. Blue: nucleus, 
Red: pMLC, Green: F-actin. Scale bar represents 20 μm. (B) Integrated fluorescence intensity of pMLC, and 
normalized by W0.3⊥26 substrate. Data are shown as mean ± standard deviation (SD) (n ≥ 20 cells), and 
*P < 0.05. Each experiment was performed in triplicate. 
 
In addition to cell tension, YAP (Yes-associated protein)-TAZ (transcription coactivator with PDZ-binding 
motif, also known as WWTR1) localization was also investigated. Paralogous coactivators Yorkie-
homologues YAP and TAZ have been identified as a mechanical rheostat of the cell[51]. The functionality 
of YAP-TAZ can be regulated by biophysical stimuli. When cytoskeletal tension is generated, YAP-TAZ 
localizes into the nucleus, modulating gene expression. However, when tension is interrupted, they are 
sequestered in the cytoplasm and their activity is reduced[51]. 
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Figure 9. Representative images of YAP/TAZ localization in hBM-MSCs seeded onto different surfaces 
for 24 hours. Blue: nucleus, Red: YAP/TAZ, Green: F-actin. The white color arrows refer to the YAP/TAZ 
located in the nucleus position or not. Scale bar represents 20 μm. (B) The number of cells with nuclear 
localization of YAP/TAZ. Data are shown as mean ± standard deviation (SD) (n = 100 cells), and **P < 
0.01. Each experiment was performed in triplicate. 
 
After 1 day culture, the cells were immunofluorescently stained to show the YAP-TAZ localization. 
Interestingly, when cells grown on the Flat and W0.3, YAP-TAZ displays a higher translocation into cell 
nucleus. In contrast, W26 and hierarchical structure led to cytoplasmic YAP-TAZ. Quantitative analysis 
indicated that about 41 % and 28 % of cells grown on Flat and W0.3 exhibited nuclear localization, 
respectively. Alternatively, only about 5% of cells showed nuclear localization for W26, W0.3∥26 and W0.5
⊥26. However, there was no significant difference between the two hierarchical substrates. Taken together, 
these results demonstrate that the promoted neurogenesis of hBM-MSCs on W0.3∥26 is mediated by cell 
tension and YAP-TAZ pathway. 
 
5.4 Discussion 
 
While it has been well established that surfaces with anisotropic topography has an important influence on 
cellular activity including cell motility, proliferation and differentiation, there is still a lack of profound 
knowledge on specific parameters that are optimum to enhance the desired cell behavior, especially for 
neuron differentiation. Nevertheless, although previous studies focused on the neurogenesis through 
independent substrates with arbitrarily selected parameters, it provided interesting but limited information. 
In our study, the PDMS wrinkle gradient was fabricated to define the surface properties that promote 
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neuron differentiation of hBM-MSCs. The wrinkle gradient was produced via a convenient stretch-plasma 
oxidation-release process. After immunofluorescent staining of different markers (Tuj1 and MAP2), the 
wrinkle gradient platform with different wavelengths and amplitudes could screen and output the optimum 
wrinkle feature for neurogenesis of hBM-MSCs. To the best of our knowledge, this is the first time to 
systematically investigate neuron differentiation of stem cells in a high-throughput screening manner.  
It is generally known that hierarchical structures consisting of both micro- and nanoscale structures enable 
the effective regulation of stem cell differentiation by controlling the cytoskeleton orientation and 
intracellular Focal adhesion protein assembly[52]. Several studies have focused on the effect of hierarchical 
structure on neuron fate lineage of stem cells[32,33,53]. For instance, Im et al. fabricated the hierarchical wrinkle 
structures for investigating the fate commitment of human neural stem cells, and found multiscale wrinkle 
(wavelengths 100 nm and 1.4 μm, parallel with each other) enhanced neurogenesis[49]. However, they did 
not compare the discrepancy between differently integrated type (for example, parallel versus perpendicular). 
In our study, we examined the potential for stem cell neurogenesis cultured on hierarchical structure based 
on the results of screening. Moreover, the influence of different directions of hierarchical structure (W0.3
∥26 and W0.3⊥26) on neuron differentiation was also investigated. From the results of Tuj1 and MAP2 
staining, it could be observed that W0.3∥26 could significantly enhanced the neurogenesis in comparison 
to single scale substrates (W0.3, W26) and W0.3⊥26. These results suggest that the style of integration for 
the hierarchical structure is important for neuron differentiation of hBM-MSCs.  
Several studies have demonstrated that neurogenesis of stem cells is mediated by YAP. Particularly, 
Kiessling et al.[54] have reported that compliant substrata inhibited the nuclear localization of YAP by adding 
a small molecule (latrunculin A, inhibitor of F-actin polymerization) and promoted highly efficient 
differentiation of human pluripotent stem cells into postmitotic neurons. Im and co-workers[49] have also 
demonstrated that restricted activation of RhoA of human neural stem cells promoted cytoplasmic 
localization of YAP, and this is highly associated with enhanced neurogenesis. Furthermore, Yim et al.[55] 
showed that the essential role of actomyosin contractility in topography-induced neuron differentiation of 
hMSCs. Our results are consistent with their findings. In this study, we have shown that YAP/TAZ is 
involved in a regulatory mechanism by which substrates with hierarchical structure direct hBM-MSCs 
toward the neuron lineage by decreasing the nuclear localization of YAP/TAZ. We have further 
demonstrated that the decreased nuclear localization of YAP/TAZ is mediated by the lower cell contractility, 
thus downregulating neurogenesis of hBM-MSC. The potential mechanism for different degrees of 
neurogenesis of hBMSCs on W0.3∥26 and Flat substrate mediated by cell contractility and YAP/TAZ 
signaling pathway is illustrated in Figure 10. Nevertheless, the cells on parallel (W0.3∥W26) and 
perpendicular structures (W0.3⊥W26) displayed similar differences in YAP/TAZ nuclear localization and 
myosin formation, the perpendicular substrate did not show the similar level of neuron differentiation 
compared with the parallel sample. This disparity is likely attributable to other signal pathway related with 
neuron differentiation, for instance, Wnt/β-catenin signaling[56], and β1 integrin/mitogen-activated protein 
kinase (MAPK) pathway[57]. Therefore, further investigation is necessary to fully elucidate the mechanism 
about neuron differentiation stimulated by hierarchical substrates. 
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Figure 10. Schematic showing the reverse effect of hierarchical wrinkle structure and Flat surface for 
directing neurogenesis. Hierarchical substrates will diminish the cell contractility, which results in the 
localization of YAP/TAZ into cytoplasm, therefore improve neuron differentiation of hBM-MSCs. Flat 
substrate increases cell tension, and results in the translocation of YAP-TAZ to the nucleus, thus facilitating 
the differentiation of stem cells into astrocytes. 
 
5.5 Conclusion 
 
In this study, a high-throughput screening platform with wrinkle gradient was fabricated (amplitudes from 
541 to 3073 nm and wavelengths between 4 and 30 μm) and the optimal parameter for directing hBM-MSCs 
toward the neuron lineage was found (W: 26.7 μm/ A: 2.89 μm). Furthermore, the hierarchical structure 
(W3∥W26) could significantly enhance the neural differentiation, compared to the single scale topography. 
Moreover, this process is associated with the lower percentage of nucleus localization of YAP/TAZ and 
weaker cell tension. This study has great potential in designing neuron-inductive materials and highlights 
the importance of the hierarchical structure for directing stem cells toward neurogenesis. Additionally, the 
understanding of interactions between stem cells and topography will facilitate further clinical applications 
of topography-mediated stem cell neurogenesis in tissue engineering and regenerative medicine. 
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Abstract 
 
The interface between materials and cells plays a critical role in many biomedical applications. Inspired by 
the hierarchical architecture of collagen, most abundant structure in the extracellular matrix (ECM), a 
multiscale hierarchical topography is designed to mimic the collagen nano/micro hierarchical topography. 
It is hypothesized that the ECM topography affects osteogenesis of human mesenchymal stem cells (hMSCs) 
but until now, it cannot be studied without the biochemical and mechanical influences of the ECM. The 
multiscale hierarchical topography is achieved by innovatively using sequentially aligned topography 
preparation via a silicone stretch-oxidation-release method and imprinting lithography. The anisotropically 
hierarchical topography influences stem cell morphology, orientation, and osteogenic differentiation. 
Intriguingly, the design resembling that of assembled collagen, exhibits the highest degree of osteogenesis. 
The hierarchical topotaxis effects are further exemplified by the enhanced vinculin expression, cell 
contractility, and more pronounced nuclear translocation of Yes-associated protein (YAP) with the collagen-
mimicking topography, indicative for enhanced osteogenesis. The developed multiscale hierarchical system 
provides insights into the importance of specific biological ECM-like topography by decoupling the 
biochemical influence. Various diseases, cancer, osteoarthritis, and fibrosis display impaired ECM structures, 
and therefore our system may have a great potential for tissue engineering approaches and developing in 
vitro disease models. 
 
Keywords: hierarchical topography, collagen, human mesenchymal stem cells, osteogenic differentiation, 
mechanotransduction, extracellular matrix 
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6.1 Introduction 
 
There is a growing need for bioactive materials that are able to direct or enhance cellular behavior, including 
stem cell differentiation[1–3]. The development of artificial microenvironments that achieve control of stem 
cell fate is critical for effective stem cell therapies[4]. Proliferation, migration, and differentiation of stem cells 
are regulated by (bio)chemical signals (e.g., surface chemistry[5], proteins[6]), biophysical cues (e.g., stiffness[7,8], 
and geometry[9,10]), and cell-cell interactions[11,12]. Among the numerous environmental cues, the extracellular 
matrix (ECM) to which cells adhere, contains both biochemical, mechanical, and topographical cues and is 
still considered as the golden standard for creating an optimal material-cell interface[13–16]. A growing number 
of studies have highlighted the important role of substrate topography on the cell fate of different stem cell 
types[17,18], and this can be modulated by the size and shape of surface topographical structures[19–23]. Aligned 
topographical features have been considered as a mimic of fiber-like ECM structures and have been used 
together with stem cells[9,24,25]. Previously, we identified the importance of both the height and pitch of the 
aligned surface structures on cellular behavior including variations in mechanical stimuli as well as providing 
double directional cues using metallic nanowire overlays to influence and guide cell morphology[26–29]. These 
systems provided much insight into the topography-guided cell response, but did not contain the topo-
complexity that is found in the natural ECM. 
The ECM has inspired biointerface research and a deeper understanding of the biochemical interplay 
between ECM and cells contributed strongly to the field of biomedicine[30,31]. However, it is challenging to 
mimic the topographical features of the ECM, which are multiscale hierarchical micro/nano-structures and 
the focus is most often on recreating the biochemical or mechanical microenvironment[32,33]. Although, the 
ECM is often considered as a random fiber-mesh material, there are highly oriented natural ECM structures 
found in various tissues, including bone, nerve, and muscle[34–37]. In addition to the meso-scale aligned fibers 
in various tissues, ECM components such as collagen, also consist of a complex hierarchical nano/micro 
structure[38]. Bone consists for 30% of collagen. Collagen protein molecules formed from three chains of 
amino acids are a few nanometers in size, and individual collagen fibrils tend to be approximately hundreds 
of nanometers, whereas actual collagen fibers formed by multiple fibrils are tens of micrometers[38]. More 
importantly, wavy wrinkle-like structures could be clearly distinguished on the single collagen fiber, and their 
direction is perpendicular to collagen fiber (Figure 1A)[39]. To date, cells can sense and interact with the 
smallest feature size of a substrate at approximately 5 nm[40]. Therefore, the hierarchically topographical cues 
containing micro- and nano-features may be regarded as essential for regulating stem cell fate, which may 
be a critical factor to consider for the design of synthetic ECMs[41]. Notably, the differently sized features 
affect the cellular behavior in a specific fashion. Micro- and nano-sized topographies influence cells by 
changing cellular morphologies along with the patterns giving rise to the re-organization of the actin 
cytoskeleton[42] and activating the integrin-mediated intracellular signaling cascade[43], respectively, thus 
modulating stem cell differentiation in a synergistic way. Chung and co-workers[41] developed hierarchically 
micro- and nanopatterned transplantable patches to study the adhesion and differentiation of hMSCs. 
However, they only investigated the parallel combination for nano/micro-sized structure, which does not 
mimic the hierarchical architecture of collagen.  
Herein, we hypothesize that the highly defined multiscale hierarchical structure of collagen in vivo modulates 
the morphology and influences osteogenic differentiation of hBM-MSCs. With the use of collagen, it is not 
possible to deactivate the biochemical component easily and solely focus on topography. Additionally, it is 
not possible to vary the nanotopographical features of collagen while maintaining the integrity of the fiber 
structures. Therefore, to test this hypothesis, we developed substrates with well-defined hierarchical 
multiscale topographies through a silicone stretch-oxidation-release method and imprinting lithography. 
Based on this approach, single scale (Flat, W0.5, W3 and W25), double and triple scale (W0.5, W3 and W25 
combined with different direction (parallel, perpendicular, 45°)) were prepared (Figure 1B). The sizes 
chosen are independently well distinguishable and the orientation could be controlled to an excellent degree. 
Although the feature sizes do not exactly match the sizes found in collagen, they are in the same order and 
the hierarchical build-up and orientation is mimicked very well with the important possibility to vary the 
relative orientation in order to test the hypothesis that the found hierarchy in collagen is important for cells 
to respond to. Using these platforms, we investigated the influence of anisotropically hierarchical wrinkle 
structure on the morphology, orientation, and osteogenesis of hBM-MSCs. Furthermore, we examined the 
connection between osteogenesis and expression of vinculin, cell tension and YAP-TAZ pathway to 
illustrate the mechanism underneath. It is the first time that the hierarchically multiscale structures which 
better mimic the collagen architecture in ECM of bone are used to explore stem cell differentiation in vitro.  



90 
 

 
Figure 1. (A) Hierarchical architecture of collagen in natural bone. Osteons comprise mineralized collagen 
fibrils, composed of single collagen fiber and collagen protein molecules (tropocollagen) formed from three 
chains of amino acids. (B) Biomimic the hierarchical structures of collagen with synthetic material (PDMS) 
in vitro (single, double, and triple scale substrates), and this enables us to deactivate the biochemical factor 
easily and solely focus on the influence of topography on stem cell behavior.  
 
6.2 Methods 
 
6.2.1 PDMS film preparation. PDMS film was prepared as described previously[71]. Briefly, PDMS was 
prepared by mixing the prepolymer and cross-linker (Sylgard 184, Dow Corning) in a ratio of 10:1 or 15:1 
by weight. The mixtures were vigorously stirred with a spatula, degassed under vacuum for 15 min to remove 
the air bubbles completely, and deposited onto cleaned 12 × 12 cm squared polystyrene Petri dish. The 
poured PDMS was cured overnight in an oven at 70 °C. After curing, the elastomer film was peeled off 
from the dish and cut into the desired dimension. 
 
6.2.2 Preparation of aligned topography PDMS substrates. PDMS aligned topography substrates 
were prepared as described previously[72,73]. For preparing the aligned topography substrates, PDMS 
substrates were placed in a custom-made stretching apparatus and stretched uniaxially by 10-30% of the 
original length. Stretched PDMS substrates were oxidized using air plasma at varying pressures and 
oxidation times (Table S1) depending on the desired topography dimensions (Plasma Activate Flecto 10 
USB, maximum intensity). After oxidation, the strain was released, which induces the formation of aligned 
topography (wave-like structures).  
 
6.2.3 Imprinting. The prepared PDMS substrates with aligned topographies were used as molds onto 
which a fresh mixture of elastomer base and cross-linker (in a ratio of 10:1 by weight) was poured, followed 
by curing at 70 °C overnight. After that, the molds were removed and the freshly prepared PDMS substrates 
with single scale wrinkle structure could be used as new substrates for preparing hierarchical structure. 
 
6.2.4 Preparation of hierarchical topography. For the fabrication of the hierarchical topography 
substrates, the W25 imprinted substrate was used as the new substrate, which is suitable to do the stretch-
plasma oxidation-release process for adding 3 μm wrinkle size on the top of W25 substrate. Importantly, 
the stretch direction could be varied with respect to the direction of the first pattern and thereby the double 
scale hierarchical structure was fabricated with variation in topography direction. Here substrates with 
parallel direction (W0.5∥W3, W0.5∥W25, named as 0.5∥3 and 0.5∥25, respectively), perpendicular 
direction (W0.5⊥W3, W0.5⊥W25, subsequently coded as 0.5⊥3 and 0.5⊥25, respectively), and 45° 
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direction (W0.5 W3, W0.5 W25, referred as 0.5 3 and 0.5 25, respectively) were prepared. For the 
triple scale hierarchical topography substrate, the imprinted W3∥W25 substrate was used as the new sample, 
and the process of adding 0.5 μm wavelength of wrinkle was the same for preparing single scale W0.5 
substrate as mentioned above. The topography direction could also be changed by tuning the stretching 
direction with respect to the direction of W3∥W25 substrate. For triple scale topography, W0.5∥W3∥
W25, W0.5⊥W3∥W25, and W0.5⊥W3 W25 were prepared, referred as 0.5∥3∥25, 0.5⊥3∥25 and 
0.5⊥3 25, respectively. At last, all samples were oxidized with air plasma at 500 mTorr for 1 min and 
used for cell seeding. The Flat substrate (control) was prepared and treated the same as the imprints 
mentioned above (10:1 for elastomer base and cross-linker, same curing and oxidize process), to guarantee 
all the substrates keep the same surface chemistry and mechanical properties. 
 
6.2.5 Topography characterization. Topography features were characterized by atomic force microscope 
(Nanoscope V Dimension 3100 microscope, Veeco, United States) operating in tapping mode in air (model 
DNP-10 tip). To determine the wavelength and amplitude of the topographies, the obtained AFM images 
were analyzed using NanoScope Analysis software. In addition, the morphology of the triple scale 
hierarchical substrates was characterized by environmental scanning electron microscopy (ESEM-XL30, 
Philips) at an accelerating voltage of 15 kV. Prior to imaging, the samples were sputter-coated with gold for 
2 min. 
 
6.2.6 Cell culture. hBM-MSCs (passage 2) were obtained from Lonza and cultured in growth medium 
containing Alpha modified Eagle medium (Gibco), 10% (v/v) fetal bovine serum (Gibco), 0.1% ascorbic 
acid 2-phosphate (Sigma) and 1% penicillin/streptomycin (Gibco). Cells from three different batches were 
mixed to account for donor heterogeneity and were incubated in T75 culture flasks at 37 °C in a humidified 
atmosphere with 5% CO2. The culture medium was changed every three days, and cells were harvested at 
≈80% confluency. The confluent cells were routinely subcultured by trypsinization. MSCs of passage four 
were used for all of the experiments.  
 
6.2.7 Immunostaining. All PDMS substrates were cut to circular disks matching the diameter of a 24-well 
plate and were sterilized by washing with 70% ethanol and placed in 24-well plates and subsequently washed 
with PBS before use. Afterwards, hBM-MSCs were seeded onto the substrates at a density of 1×104 
cells/well. For immunostaining, hBM-MSCs seeded on the different topographical patterns were fixed with 
3.7% paraformaldehyde (Sigma) solution in PBS for 20 min, and subsequently permeabilized with 0.5% 
Triton X-100 (Sigma) solution in PBS for 3 min and blocked with 5% bovine serum albumin (Sigma) in 
PBS solution for 30 min. Then the cells were incubated with the primary antibody for alkaline phosphatase 
(ALP, Developmental Hybridoma Bank, B4-78, 1:100), osteopontin (OPN, Developmental Hybridoma 
Bank, B4-78, 1:100), Vinculin (Sigma, clone hVin-1, 1:100), pMLC (Cell Signaling,#3675, 1:100), YAP-
TAZ (Santa Cruz Biotechnology, SC-101199, 1:100) for 1 h, followed by staining with Rhodamine RedTM-
X labeled goat-anti-mouse antibody (Jackson Immunolab, 1:100) as the secondary antibody. The nucleus 
and cytoskeleton were stained using 4′, 6-diamidino-2-phenylin-dole (DAPI) and tetramethylrhodamine 
isothiocyanate (TRITC)-phalloidin, respectively by incubation for 1 hour. Finally, the cells were imaged with 
TissueFaxs (Tissue-Gnostics GmbH, Vienna, Austria) at 10× magnification. Vinculin, Myosin and YAP 
staining were observed using a LEICA TCS SP2 CLSM equipped with a 40× NA 0.80 water immersion 
objective. Cell area was analyzed by Tissue Quest software (high-throughput analysis technique) via 
fluorescent F-actin stained cells. Additionally, image analysis of focal adhesion was done by an online Focal 
Adhesion Analysis Server[74], and Fiji software was used to measure cell orientation. Directionality analysis 
for cell orientation was conducted with Fiji software using the Orientation J plug-in. Only aligned elements 
were taken into account for the directionality algorithm in an entire image, and for each substrate, at least 
200 cells were taken into consideration. The fluorescent intensity of myosin was quantified as described 
previously[75].  
 
6.2.8 Osteogenic differentiation of MSCs. hBM-MSCs were seeded on PDMS substrates with different 
topography features at a cell density of 1×104 cells/well. All plates were stored in an incubator at 37 °C, 5% 
CO2 and 24 h later the growth medium was replaced by osteogenic differentiation medium (OM) consisting 
of growth medium supplemented with 10 mM glycerophosphate (Sigma) and 100 nM dexamethasone 
(Sigma). The cells were cultured for 21 days, with the differentiation medium being replaced every three 
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days. Subsequently, all cells on different substrates were fixed with 3.7% PFA for 20 min and permeabilized 
with 0.5% TritonX-100 for 20 min. ALP and nucleus staining were performed as indicated above. 
 
The mineralization of the extracellular matrix, the last step of the osteogenic differentiation, was evaluated 
by Alizarin Red Staining (ARS, Sigma) after 21 days of cell culture under differentiation conditions. The 
samples were washed twice with Dulbecco’s phosphate buffered-saline (DPBS, Gibco), fixed with 4% 
paraformaldehyde for 15 minutes and then a solution of 0.1% Alizarin Red S solution was added so that it 
covered the entire surface of the wells containing cells. After incubation at room temperature for 30 minutes, 
the excess of ARS was washed with DPBS. Positive red staining represents calcium deposition by the 
differentiated cells. For a quantitative calcium deposition analysis, the cultures stained by Alizarin Red S 
were de-stained with 10% cetylpyridinum chloride in 10mM sodium phosphate buffer at room temperature 
for 30 minutes to release the bound calcium. The supernatant was collected and the absorbance was 
measured by a microplate reader (BMG LABTECH, Offenburg, Germany) at 540 nm. The results were 
normalized with the corresponding cell numbers in each well. The cell number was determined by nucleus 
staining with DAPI, and quantitative analysis of the positively stained cells using the high-throughput 
analysis technique (TissueQuest software) after imaging with a TissueFaxs microscopy setup. 
 
6.2.9 Statistics. All data points were expressed as mean values ± standard deviation. Statistical analysis was 
performed with Origin 9.0 software. All data were analyzed using one-way analysis of variance (ANOVA) 
with Tukey’s test to determine differences between groups, *P < 0.05, **P < 0.01, and ***P < 0.001, 
respectively. 
 
6.3 Results 
 
6.3.1 Hierarchical structured substrate preparation and characterization 
The ECM of bone has an anisotropic architecture consisting of well-aligned nano/micro-scale structures. 
However, it is important to highlight that the surface of a collagen fiber is also structured with a wavy-like 
architecture rather than being smooth (Figure 1A). Thus, the developed system would provide a method 
to address the hypothesis that whether or not well defined hierarchically topography consisting of nano- 
and micropatterned structure as found in collagen bundles aid in the guidance of cells and direct the 
commitment of stem cells. 
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Figure 2. Schematic illustration of the fabrication of various scales wrinkle substrates. (A) After PDMS 
membrane stretched and oxidized, uniform single scale wrinkle emerged. (B, D) Imprinting process to 
obtain a newly soft substrate with the same topography of mold. (C, E) Stretch and oxidize the new substrate 
again to prepare the double and triple scale substrate, respectively. (F) hBM-MSCs were seeded onto the 
triple scale hierarchical substrate. 
  
To mimic the hierarchical structure of collagen, the main ECM component of bone, a methodology to 
fabricate multiscale hierarchical PDMS substrates was first developed by a combination of sequentially 
aligned topography preparation via a silicone stretch-oxidation-release method and imprinting lithography. 
Figure 2 shows the schematic approach of the fabrication of multiscale hierarchical substrates. After the 
fabrication of the single scale substrate (the conditions were summarized in Table S1), the multiscale 
hierarchical topography was prepared in a sequential fashion of a repeating procedure. This procedure 
provides control of the orientation of the newly added topography with respect to the previous topography 
by controlling the stretching direction. It is worth noting that the addition of a new topography was done 
by adding a smaller feature on top of the larger feature rather than the reverse. In addition, the surface of 
the substrate will form a glass-like (SiO2) layer after the oxidation process, so it is critical that an imprint of 
the topography in pristine PDMS is prepared before the preparation of double and triple scale topography 
substrates. This substrate can then be stretched and oxidized for implementing the next topography. It 
provides the possibility to create the hierarchical structure in a highly controlled fashion with impeccable 
control of the orientation of the aligned topographies with respect to one another. In this study, three 
different scaled hierarchical topography substrates were prepared: triple scale (0.5∥3∥25, 0.5⊥3∥25, and 
0.5⊥3 25), double scale (parallel: 0.5∥3 and 0.5∥25; perpendicular: 0.5⊥3 and 0.5⊥25; and 
45°combination: 0.5 3 and 0.5 25), and single scale (Flat, W0.5, W3 and W25). It has to be noted that 
in order to keep the same surface and mechanical properties, all single scale and multiscale substrates were 
implemented the same imprinting process (10:1 for elastomer base and cross-linker) and oxidization 
condition (500 mTorr for 1 min) for further cell experiments. 
The surface features after imprinting were characterized by atomic force microscopy (AFM). As shown in 
Figure S1, wave-like topographies (single scale) were achieved with varying dimensions (wavelength (W; 
μm) and amplitude (A; μm)) of W0.5A0.05, W3A0.7 and W25A4.3. The different surface topographies are 
further reported as Flat, W0.5, W3, and W25. The angle between the different topographies was varied by 
controlling the stretching direction of the freshly imprinted structures. Although any angle (orientation) may 
be chosen, we limited the system here to 0° (parallel), 45° (oblique), and 90° (orthogonal). As shown in 
Figure 3, W0.5 and W3 topography were formed onto the surface with the W25 topography by following 
the described procedure (lower magnification of images are shown in Figure S2). The height profiles of 
wrinkle structure were displayed below the AFM images.  



94 
 

 
Figure 3. AFM images and height profiles of the structured PDMS surfaces obtained after imprinting. The 
colored lines stand for the position from AFM image to draw the height profiles (n ≥ 30 wrinkles for each 
imprint, three independent imprints). Scale bar is 1 μm. Inset shows the image with a lower magnification 
(showed in Figure S2) and the scale bar is 10 μm.  
 
Importantly, for triple scale substrates, W0.5 and W3 could be clearly observed on the top of W25 with 
different combinations of the topography directions. Besides, the surface of triple scale hierarchical 
substrates was characterized by environmental scanning electron microscopy (ESEM) as displayed in 
Figure 4, and the lower magnification images are shown in Figure S3 also displaying the morphologies of 
the hierarchical structures. Taken together, the results demonstrate that our innovative fabrication method 
is scalable and tunable, providing complex multiscale hierarchical topography substrates that mimic the 
structure build-up of collagen. Therefore, this enables us to investigate the influence of multiscale 
architecture on stem cell behavior. 

 
Figure 4. Representative SEM images of the triple scale substrates. Scale bar is 2 μm. 
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6.3.2 Morphology and orientation of hBM-MSCs affected by multiscale topography 
Cell elongation and orientation are a morphological feature essential for many anisotropic tissue functions[44]. 
Using the micro- and nanosized hierarchical structure as cell culture substrates, we explored the effect of 
hierarchical topography on the morphology and orientation of hBM-MSCs. To this end, we fabricated three 
scales of micro- and nanopatterned hierarchical substrates as well as a Flat surface as a control. Cells were 
cultured for one day on substrates with topography composed of different levels of hierarchy (single, double 
and triple scale). Cell alignment, expressed as the percentage of cells that have their main axis within 10° 
from the direction of the topography[45,46], was quantified with Fiji software. As shown in Figure 5, cell 
morphology and orientation were strongly influenced by the multiscale hierarchical structure.  
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Figure 5. Influence of multiscale hierarchical structure on the morphology and orientation of hBM-MSCs. 
The upper row was the representative immunofluorescent images of hBM-MSCs grown on different 
topographies, and the lower row stand for the distribution of cell orientation with respect to the direction 
of the applied topography. Cell cytoskeleton and cell nucleus were stained with TRITC-labeled phalloidin 
(red) and DAPI (blue), respectively. The white arrow indicates the direction of wrinkle with the larger 
wavelength. Totally ≥ 8 images per sample and 3 independent samples were analyzed. The scale bar for all 
the images is 100 μm. 
 
From immunofluorescent imaging and quantification of results for cell orientation, it was seen that hBM-
MSCs grown on Flat and W0.5 showed isotropic fibrous F-actin networks (phalloidin staining of the 
cytoskeleton) and were randomly oriented (the orientation degree was 17% for W0.5). In contrast, W3 and 
W25 substrates promoted orientation of cells along the long axis of the topography, and cell orientation was 
59% and 58%, respectively. This illustrates that larger topographies (W3 and W25) resulted in cells with 
highly elongated shapes compared to Flat substrates, which coincides with our previous results[28,47]. For the 
double scale substrates, hBM-MSCs on parallel direction (0.5∥3 and 0.5∥25) showed more aligned F-actin 
fiber bundles and the cells were more elongated and orientated along the direction of wrinkles (80% and 
60%, respectively). In contrast, cells on the substrates with perpendicular direction (0.5⊥3, 0.5⊥25) 
showed less degree of elongation and orientation (71% and 51%, respectively). Interestingly, cells on 0.5∥
3 and 0.5∥25 showed more alignment and orientation compared to those on single scale substrates (W0.5, 
W3, and W25). The triple scale substrate, 0.5∥3∥25, induced the strongest cell elongation and the highest 
degree of orientation (96%), much higher than the other two triple scale substrates (80% for 0.5⊥3∥25 
and 55% for 0.5⊥3 25) and the single and double substrates. This difference indicates that cell 
morphology was greatly dependent on the combined direction of multiscale substrate and specific 
parameters. In addition, we also quantified the cell area (two dimension) by actin staining after cultured for 
one day (Figure S4). Compared to single scale substrates (except W25), cell area for double and triple scale 
substrates significantly decreased. The cells cultured on the group of 0.5⊥3 25 substrate had the smallest 
cell area (about 900 μm2), much smaller than that on the double scale substrates (around 1250 μm2). 
Collectively, our finding suggest that hierarchical structures consisting of nano/micro-size and the direction 
between the different combinations of topography have a synergistic role in adjusting the macroscopic 
behavior of MSCs.  
 
6.3.3 Enhancement of osteogenesis of hBM-MSCs by the hierarchical structure 
Because collagen with its hierarchical topography is abundant in bone, we next assessed the effect of micro- 
and nano-structured hierarchical topography on the osteogenesis of hBM-MSCs. To this end, we cultured 
stem cells on the substrates in osteogenic induction medium (OM) for 14 and 21 days. The degree of 
osteogenesis of hBM-MSCs was determined by quantitative ALP and OPN immunofluorescent staining 
which was assessed via automated imaging (TissueFaxs). The automated approach enables that imaging is 
done using the same parameters for the whole imaging process. The final functional differentiation state, 
namely the formation of mineral, was further confirmed by Alizarin Red staining. The Flat surface was used 
as a control group.  
 
6.3.3.1 ALP and OPN expression 
Alkaline phosphatase (ALP) is an important early marker for the osteogenic differentiation of stem cells[48]. 
Therefore, the detection of ALP activity is essential to evaluate the osteogenic differentiation degree of 
hBM-MSCs[49]. Figure 6A showed hBM-MSCs cultured in OM for 14 days and various fluorescence density 
of stained ALP was observed among single, double, and triple scaled hierarchical substrates.  
For the single scale substrate, there was enhanced expression of ALP on W3 compared to W0.5 and W25, 
however, cells showed minimal expression of ALP on Flat substrate (Figure S5). Interestingly, for the 
double scale surface (Figure 6A), cells cultured on 0.5⊥3 and 0.5⊥25 had stronger ALP intensity 
compared to 0.5∥3 and 0.5∥25, respectively, suggesting that the direction of multiscale substrate had an 
important influence on ALP expression. For the triple scale substrates, ALP activity of hBM-MSCs grown 
on 0.5⊥3∥25 was significantly improved compared to the cells on 0.5∥3∥25 and 0.5⊥3 25, indicating 
that the structure which resembles the collagen topography promotes osteogenic differentiation of hBM-
MSCs. These effects were quantified by assessing the fluorescence intensity for the 14 days differentiation 
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and the results were shown in Figure 6C. The fluorescence output was normalized for the cell number and 
it correlated well with the qualitative analysis. The results showed that 0.5⊥3 and 0.5⊥25 significantly 
facilitate osteogenic differentiation of hBM-MSCs as illustrated by a 2.3 and 3.2 fold increase, respectively, 
as compared to the Flat substrate. The difference became even more striking among triple scale hierarchical 
substrates, where a 5.5 fold increase was observed for 0.5⊥3∥25. Except for ALP, we also examined the 
osteopontin (OPN), as it is a late marker in the differentiation process[50]. The results (Figure 6B and Figure 
6D) follow a similar trend as for ALP. For the double scale substrates, the expression of OPN, as indicated 
by the presence of fluorescence signal, was higher in cells cultured on 0.5⊥3 and 0.5⊥25 than those on 
the 0.5∥3 and 0.5∥3, respectively. For the triple scale substrates, the intensity was the highest in cells 
cultured on 0.5⊥3∥25 compared to other two substrates (0.5∥3∥25 and 0.5⊥3 25). Taken together, 
these results indicate the importance of the specific biological hierarchical arrangement of collagen on cell 
differentiation. 

 
Figure 6. Immunofluorescence staining of osteogenic marker (A) ALP and (B) OPN of cells grown on 
double and triple scale substrates cultured in OM for 14 days. Cells were stained for DAPI (nucleus, blue), 
and ALP/OPN (red). The scale bar for all the images is 100 μm. Quantification of the expression of (C) 
ALP and (D) OPN in cells cultured in OM at day 14, normalized by cell number (n ≥ 100 cells and each 
experiment was performed in triplicate). Data are shown as mean ± standard deviation (SD), and *P < 0.05.  
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6.3.3.2 Mineralization affected by the specific orientations of the hierarchical topographies 
The generation of mineralized nodules, caused by the calcium secretion of MSCs, is a vital function indicator 
of osteoblasts that is usually used to evaluate the osteogenic differentiation of MSCs[51] and can be confirmed 
by Alizarin Red staining[52]. To assess the degree of osteogenesis, hBM-MSCs cultures were stained using 
Alizarin Red after 21 days of culturing in OM. From the results of ALP and OPN expression for 14 days, 
the triple scaled hierarchical substrates were selected. The images of Alizarin Red staining showed substantial 
differences between the different substrates (Figure 7A). The results demonstrate that the calcium 
expression was higher for hBM-MSCs cultured on the 0.5⊥3∥25 substrate than on the other two 
substrates (0.5∥3∥25 and 0.5⊥3 25) and this was in line with the highest expression of both ALP and 
OPN. To quantify the degree of osteogenesis of hBM-MSC, the stained calcium deposits were de-stained, 
and the optical density (OD) of the extracted mineral phase was measured. As shown in Figure 7B, the 
highest OD540 was obtained for cells grown on 0.5⊥3∥25 followed by those on 0.5⊥3 25, and the 
lowest for 0.5 ∥ 3 ∥ 25. This further confirms that 0.5 ⊥ 3 ∥ 25 substrates enhanced osteogenic 
differentiation, while culturing on 0.5∥3∥25 suppressed osteogenesis. Overall, these results further 
indicate that the spatial distribution of surface topographies as well as topography shapes and dimensions 
are critical for the differentiation of stem cells. Therefore, it suggests that hierarchically multiscale 
topographies are extremely important in the structure of collagen and that it is not just a mere presentation 
of biochemical factors such as the cell-binding sites present within the collagen amino-acid sequence. 

 
 

Figure 7. (A) Representative images of calcium nodules stained with Alizarin Red showing extracellular 
calcium deposits by hBM-MSC-derived osteoblasts cultured in OM for 21 days. (B) Mineralization 
quantitated by elution of Alizarin Red staining from stained mineral matrix. Data were shown as mean ± 
standard deviation (SD), each experiment was performed in triplicate, and *P < 0.05, ***P < 0.001. Scale 
bar represents 0.5 cm. 
 
6.3.4 Focal adhesion, cell tension and YAP-TAZ signal pathway affected by the hierarchical 
structure 
Based on the significant difference among triple scale substrates for osteogenic differentiation, attention 
was paid to the formation of  focal adhesions (FA), the direct communication tool of  cells with their 
environment. FA are adhesion plaques formed by an assembling complex of  integrins and proteins[53]. It 
has been demonstrated that the formation of FAs are related with the RhoA/ROCK signaling pathway by 
affecting the cytoskeleton and cell contractility and it was also found that more formation of FAs  are 
beneficial for osteogenesis[54,55].  Our previous study has reported that topographical dimension can provide 
significant stimulation to influence the organization of  focal adhesion complexes[28]. The expression of  FAs 
in hBM-MSCs was assessed by immunofluorescence staining for vinculin and visualized by CLSM after 24 
hours seeded onto the different substrates. As shown in Figure 8A, significant differences in focal adhesion 
number and morphology were observed. For substrates of  0.5⊥3∥25 and 0.5⊥3 25, hBM-MSCs had 
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more well-defined dash-like vinculin spots (typical regarded as mature focal adhesions). In contrast, cells 
grown on 0.5∥3∥25 showed dot-like (transient) vinculin spots, indicating that 0.5⊥3∥25 and 0.5⊥3
25 could enhance the expression of  vinculin. To better understand the focal adhesion formation on different 
substrates, FA area per cell was quantitatively analyzed (Figure 8B). FA area for cells cultured on 0.5⊥3∥
25 (294 μm2) and 0.5⊥3 25 (257 μm2) are much higher than 0.5∥3∥25 (216 μm2). These results indicate 
that comparing substrates with the same anisotropical hierarchical features, the relative direction of  the 
features with respect to one another greatly influence the formation of  FAs. 
 

 
 

Figure 8. Immunofluorescent staining of  nuclei (blue), (A) vinculin/ (C) myosin/ (E) YAP-TAZ (red), and 
actin (green) for hBM-MSCs after 1 day cultivation on different substrates. The enlarged image for YAP-
TAZ staining is included in Figure S6. The white arrows refer to the location of  interest for nuclear YAP-
TAZ localization. Scale bar represents 20 μm. Quantitative analysis of  (B) FA area per cell, (D) integrated 
fluorescence intensity of myosin, and (F) the number of cells with nuclear localization of YAP-TAZ. Data 
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are shown as mean ± standard deviation (SD), n ≥ 30 cells (each experiment was performed in triplicate), 
and *P < 0.05, **P < 0.01.  
 
Cytoskeletal contractility and tension can be characterized by phosphorylated myosins[15]. A further study 
on cell tension was performed to speculate whether or not cell tension influences the lineage commitment 
of stem cells. In our study, immunofluorescent staining of myosin was performed for hBM-MSCs after 24h 
cell culture. The immunostaining results (Figure 8C) showed that for cells grown on 0.5⊥3∥25 and 0.5
⊥3 25, stronger fluorescence intensity was observed compared to 0.5∥3∥25. The quantification 
(Figure 8D) was consistent with the observation from immunostaining images. It shows that myosin 
expression for cells grown on 0.5⊥3∥25 and 0.5⊥3 25 was significantly enhanced about 4.3 and 3.3-
fold higher than cells on 0.5∥3∥25, indicating that 0.5⊥3∥25 and 0.5⊥3 25 substrates could improve 
the expression of  myosin, illustrating a stronger cell contractility/tension. These results suggest that 
hierarchical structure greatly influences cell contractility. 
Biophysical stimuli regulate the functionality of the transcription cofactors YAP and TAZ, which is a key 
regulatory element that controls the gene expression and is located either in the cytosol or in the nucleus as 
a consequence of the physical stimuli that the cells receive[56]. When in the nucleus, the paralogs YAP-TAZ 
modulate gene expression, but upon phosphorylation, they are sequestered in the cytoplasm[57]. The huge 
difference in the osteogenesis behavior on the triple scale structure urged us to investigate whether 
downstream signaling pathways are also affected, as YAP-TAZ signaling is known to be responsible for 
many downstream transcriptional outcomes of mechanotransduction[58,59]. Here, we examined its expression 
in the hBM-MSCs on different structures of triple scale hierarchical substrates. The expression of YAP-
TAZ in hBM-MSCs was assessed by immunofluorescence staining 24 hours after being seeded onto the 
different topographies. As shown in Figure 8F, the direction of hierarchical topography had a substantial 
effect on the localization of YAP-TAZ for which the percentage of YAP-TAZ located in the nucleus was 
quantified, which is a commonly adopted method to illustrate the topo-sensitivity[60,61]. The results showed 
that for cells cultured on 0.5⊥3∥25 and 0.5⊥3 25 substrates, YAP-TAZ was present in the nucleus for 
about 66%, and 51% of the cells, respectively (Figure 8F). In contrast, expression of YAP-TAZ for cells 
cultured on 0.5∥3∥25 was predominantly cytoplasmic and the percentage of cells with positive nuclear 
YAP-TAZ was only 30%. Taken together, these results imply that the enhanced osteogenic differentiation 
of hBM-MSCs was partially mediated by YAP-TAZ signaling, cell contractility, and focal adhesions.  
 
6.4 Discussion 
 
Preparing an effective substrate platform that could better mimic the ECM structure in vivo and further 
manipulate cellular functions is very important for both understanding the importance of specific 
topographical cues in natural ECM components and promoting the development of stem cell-based therapy 
for clinical applications[62,63]. Previous studies demonstrated that the fate of stem cells are sensitively 
regulated by the stiffness and topography of substrates[4,9,64–66]. Regarding fabricating platforms that mimic 
the topographical features of ECMs, little attention has been devoted to the hierarchical property of ECMs 
due to technical limitations[67,68]. In other words, the current fabricated simple topographies cannot provide 
cells with the precisely defined biophysical cues of native physiological microenvironments composed of 
nano- and microscale topographies, which may cause a major barrier for constructing functional tissues or 
organs. To address this challenge, we developed a synthetic ECM-like structure fabrication approach with 
hierarchically micro- and nanopatterned surfaces with precisely controlled sizes and directions. Furthermore, 
the effects of hierarchical structure on cellular behavior and stem cell differentiation were investigated. 
Although, more closely mimicking the real size features would further enhance the topography mimicking 
approach of collagen, this study does illustrate the important role of hierarchical structures and their defined 
orientations in modulating the cell behavior and osteogenic differentiation. 
It is generally known that hierarchical topography consisting of micro- and nanoscale structure adjusts stem 
cell differentiation via the synergistic modulation the elongation/orientation of cell cytoskeleton and 
intracellular focal adhesion protein assembly[4,9]. On the one hand (cell elongation), researchers have shown 
that the optimal cell aspect ratio for osteogenic differentiation is about 2, let alone with or without external 
chemical induction factors, indicating that cell shape itself is an inherent factor in regulating stem cell 
differentiation[69]. On the other hand (focal adhesion), the anisotropic nanotopographies are known to 
enhance the osteogenic differentiation of stem cells via facilitating focal adhesion and actin 
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polymerization[1,70]. Researchers demonstrated that a hierarchical substrate platform with microgroove 
(groove size: 1.5 μm) and nanopore (pore diameter: 10 nm) synergistically promoted neuron differentiation 
of neural stem cells, and the focal adhesion was increased on the hierarchical substrates because of the 
nanopore structures[4]. In addition, our previous study has reported that the width of aligned 
microtopographical patterns could force cell body to align and grow along the direction of wrinkle substrates 
because of space restriction, and the topographical dimension can provide significant stimulation to 
influence the organization of focal adhesion complexes[28,47].  
In our study, the reason for the highest degree of osteogenic differentiation for 0.5⊥3∥25 is probably due 
to microscale wrinkle structure providing the elongated and orientated cytoskeleton, and nanoscale cue that 
gives rise to the enhanced focal adhesion and actin organization via the RhoA/ROCK pathway. Compared 
to the other two triple scale substrates (0.5∥3∥25, 0.5⊥3 25), cells cultured on 0.5⊥3∥25 have the 
highest degree of osteogenesis (Figure 6, Figure 7). Cells had the longest elongation for the substrate of 
0.5∥3∥25 among three triple scale substrates, which exceed the optimal cell aspect ratio for improving 
osteogenesis. For 0.5⊥3∥25, cells exhibited larger focal adhesion area probably due to the nanometer 
structure (W0.5), further promoted cell tension/contractility and more YAP-TAZ (Figure 8) translocated 
into cell nucleus, giving rise to the enhanced osteogenic differentiation. We present a schematic mechanistic 
explanation that describes the substrate which biomimic structure of collagen induced an accelerating effect 
on the osteogenic differentiation (Figure 9). However, further investigations are necessary to fully elucidate 
the signal pathway involved in the regulation osteogenesis of hBM-MSCs stimulated by the hierarchical 
platform. 
 

 
 
Figure 9. Schematic representation of the interaction between hBM-MSCs and hierarchical structure. 0.5
⊥3∥25 substrate mimicking the hierarchical structure of collagen allows stem cells to have more focal 
adhesion, stronger intracellular tension, yielding more YAP/TAZ nuclear localization and subsequently 
enhancing the osteogenic differentiation. 
 
Our multiscale hierarchical substrates have other possible applications in the field of stem cell-based tissue 
engineering. For instance, precisely defined multiscale hierarchical topographies consisting of micro- and 
nano-size could further be used as a strategy for the design and fabrication of functional scaffolds. In this 



102 
 

study, while focused on osteogenic differentiation for bone regeneration, we expect to mimic the native 
structure of hierarchical architecture of ECM in other tissues, such as nerve, tendon, and muscle, as these 
tissues also have hierarchical architectures at multiple scales, which size ranging from nanometer to 
hundreds of micrometers. Therefore, this multiscale hierarchical platform has great potential in facilitating 
application development for tissue engineering and regenerative medicine approaches. 
 
6.5 Conclusion 
 
For the first time, a multiscale hierarchical substrate is successfully designed and prepared to mimic the 
hierarchical architecture of collagen. An innovative approach was developed involving sequentially aligned 
topography preparation via a silicone stretch-oxidation-release method and imprinting lithography. It is 
found that the hierarchical topographies have a significant influence on the morphology, orientation, and 
osteogenic differentiation of hBM-MSCs. Intriguingly, the 0.5⊥3∥25 substrate, resembling collagen 
topography/structure the most, exhibits the highest capacity of osteogenesis. We further demonstrate that 
the differences in cell response among triple scale substrate is regulated via the focal adhesion, cell tension 
and YAP-TAZ signaling pathway. Together, our work illustrates the significance of platforms that mimic 
the native structure of collagen, and provides insight into the design and manipulation of functional 
engineered constructs using multiscale hierarchical topography-based substrates for various biomedical 
applications, including stem cell therapy and tissue engineering. 
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Abstract 
 
Cell-derived matrices (CDM) are an interesting alternative to the conventional sources of extracellular matix 
(ECM) as CDM mimics better the natural ECM composition and are therefore attractive as a scaffolding 
material to be used for regulating the functions of stem cells. Previous research on stem cell differentiation 
has demonstrated that both surface topography and CDM have a significant influence. However, not much 
focus has been placed on elucidating possible synergistic effects of CDM and topography on osteogenic 
differentiation of human bone marrow-derived mesenchymal stem cells (hBM-MSCs). In this study, 
Polydimethylsiloxane (PDMS)-based anisotropic topographies (wrinkles) with various topography 
dimensions were prepared and subsequently combined with native ECM produced by human fibroblasts 
that remained onto the surface topography after decellularization. The synergistic effect of CDM combined 
with topography on osteogenic differentiation of hBM-MSCs was investigated. The results showed that 
substrates with specific topography dimensions, coated with aligned CDM, dramatically enhanced the 
capacity of osteogenesis as investigated using immunofluorescent staining for identifying osteopontin 
(OPN) and mineralization. Furthermore, the hBM-MSCs on the substrates decorated with CDM exhibited 
higher percentage of YAP inside the nucleus, stronger cell contractility, and more formation of focal 
adhesion, illustrating that enhanced osteogenesis is partly mediated by cellular tension and 
mechanotransduction following the YAP pathway. Taken together, our findings highlight the importance 
of ECM mediating the osteogenic differentiation of stem cells, and the combination of CDM and 
topography will be a powerful approach for material-driven osteogenesis. 
 
Keywords: extracellular matrix, topography, mesenchymal stem cells, osteogenic differentiation, 
mechanotransduction 
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7.1 Introduction 
 
In vivo, cells directly interact with their surrounding microenvironment, the extracellular matrix, that is 
secreted by cells and composed of a complex mixture of polysaccharides and proteins. The ECM provides 
mechanical support and further introduces many biochemical and biophysical stimuli, including adhesion 
receptors, topographical cues, mechanical input for regulating cell response, such as cell 
adhesion/spreading, proliferation, migration, differentiation, or apoptosis1. Therefore, mimicking the 
interactions of the natural ECM and incorporate such approaches in the development of biomaterials 
enables studying of cells in a realistic and adaptable cell microenvironment in vitro2,3.  
For topography, considerable research has highlighted the essential role of substrate topography on the cell 
behavior and lineage commitment of different types of stem cells 4,5, and this can be adjusted by the types 
and parameters of the topographical structures6–8. Furthermore, in vivo, there are many tissues composed of 
well-aligned and anisotropic architectures with nano- and microscale features (e.g., tendon, bone, nerve), 
therefore, it is important to mimic the anisotropic structure of bone ECM for biomaterials to study the 
influence on cell behaviors. Cells could sense surface parameters varying from 10 nm to 100 μm by contact 
guidance9,10. Previously, our group fabricated topography-containing surfaces and gradients with nano- and 
microscale and found that topography parameters have a significant effect on cells, including cell adhesion, 
elongation, orientation, migration, as well as differentiation of stem cells11–17. The aligned topographies were 
envisioned to represent better the ECM fiber morphology, which is important as the fibrous structure of 
the cellular microenvironment in vivo is essential for directing numerous cell functions18. In recent years, 
cellular adhesion protein/peptide have been applied as biomimicking matrices for improving the 
biocompatibility of biomaterials by chemical attachment or physisorption, e.g., ECM component (collagen19, 
fibronectin20), Matrigel21, GRGDS22, GYIGSR23, IKVAV24, N-cadherin25, and E-cadherin26. However, 
individual ECM protein/peptide cannot completely mimic the complexity of the endogenous ECM and 
often lack the powerful topographical stimulus. Therefore, diverse ECM proteins that mimic the 
composition of ECM in vivo should be investigated to gain insights in how to further push the control of 
stem cell differentiation. 
In recent years, an increasing interest emerged for developing CDM, derived from native tissues or cells 
cultured in vitro, to form a microenvironment that mimics a native niche27,28. The CDM represents best the 
cellular microenvironment in tissues29. The decellularized ECM is the non-cellular component containing 
various cell secreted macromolecules that provides a natural scaffold of similar biological and structural 
make-up. While the CDM may differ significantly depending on the origin (cell type and tissue), it mostly 
consists of proteoglycans, such as growth factors, glycosaminoglycans (GAGs), and matrix proteins, e.g., 
collagen (Col I), fibronectin (Fn), elastin, vitronectin, and laminin30. Previously it was demonstrated that 
bio-chemical and biophysical cues can be conserved after the removal of the cellular components while 
removing components such as DNA and cellular components that trigger immune responses31, which 
makes the decellularized ECM a (stem) cell substrate that is close to the natural environment27,32,33. CDMs 
could be generated from different cell sources, e.g., fibroblasts34,35, mesenchymal stem cells36,37, and 
pluripotent stem cells33. Compared to other cell types, human dermal fibroblasts have several advantages, 
for example, readily isolated, substantial secretion of ECM biomolecules38, and the matrices generated from 
fibroblasts are much stronger than collagen or fibrin gels, which are often the reconstituted ECM 
components of choice39. Leach et al.32 found that cell-derived extracellular matrices from bone marrow-
derived mesenchymal stem cells, human dermal fibroblasts, and adipose stromal cells, all promote the 
osteogenic differentiation, therefore, human dermal fibroblasts is a highly interesting cell source that secrets 
substantial amounts of relevant ECM. 
Much work so far has focused on the influence of CDM derived from cells on multi-lineage differentiation 
potential, for instance, Tuan and co-workers40 showed that CDM from mesenchymal stem cells (MSCs) 
dramatically enhanced attachment, proliferation, migration, and differentiation of MSCs (osteogenic and 
adipogenic differentiation), as compared to surfaces coated with Col I. Furthermore, Li et al.33 found that 
CDM from aggregates of pluripotent stem cells modulate neurogenesis through biological cues and 
biophysical properties. These studies indicate that CDM scaffolds are interesting for tissue engineering with 
many possibilities in applications for tissue engineering and regenerative medicine. However, very few 
studies have been undertaken for investigating potential synergistic effects of topography and CDM on stem 
cell osteogenesis. 
In this study we aim to explore the synergism of anisotropic topography and fibroblast-derived CDM on 
the osteogenesis of hBM-MSCs. We hypothesized that the combination of topography and fibroblast-



110 
 

derived ECM would significantly enhance the fate commitment toward osteogenesis of hBM-MSCs. For 
this purpose, PDMS-based anisotropic topographies varying in wavelengths and amplitudes were used, 
which were found to interact with hBM-MSCs in our previous work14. As depicted in Figure 1, MSCs were 
seeded on topography substrates decorated with the fibroblast-derived ECM after decellularization, and 
allowed to expand following the standard culture procedure. The endogenies ECM proteins, Col I and Fn 
were confirmed to be present by using immunofluorescence labeling. The degree of osteogenic 
differentiation of hBM-MSCs was analyzed using immunofluorescently labeling of OPN and mineralization 
by staining the mineral phase with Alizarin red. Furthermore, the formation of focal adhesion and cell 
contractility, activation of YAP signal pathway were analyzed in depth to reveal the mechanism of MSC 
response to the wrinkle substrates decorated with CDM. We found that substrates decorated with CDM 
had a remarkable effect on cell orientation and cell area, and that there is a synergistic effect of specific 
topography combined with CDM on the osteogenic differentiation of hBM-MSCs, probably mediated by 
the focal adhesion, cytoskeletal contractility, and YAP signaling pathway.  
 

 
Figure 1. Schematic representation of the preparation process of the CDM. Fibroblast-derived 
extracellular matrix was obtained through a decellularization process of cultured fibroblasts. Then onto 
the matrix hBM-MSCs were seeded to investigate to co-effect of topography and CDM on osteogenesis. 
 
7.2 Methods 
 
7.2.1 PDMS substrate preparation 
PDMS substrates were prepared as described previously14. Briefly, PDMS was prepared by combining a 
elastomer prepolymer and cross-linking agent (Sylgard 184, Dow Corning) in a ratio 10:1 by weight and 
the mixture was degassed to remove air for 15 min. The PDMS was subsequently further cured at 70 °C 
overnight. 
 
7.2.2 Preparation of PDMS aligned topography substrates (molds) 
PDMS substrates with aligned wrinkle topography were prepared similar as previously reported14. PDMS 
elastomeric substrate was uniaxially stretched to 120−130% of the initial length and subsequently oxidized 
by air plasma (Plasma Activate Flecto 10 USB, maximum intensity) using different pressures and variations 
in time depending on the desired features. Afterwards, the strain was released and anisotropic wrinkle with 



111 
 

varied wavelength and amplitude was formed. Table. 1 summarizes the conditions for wrinkle substrate 
preparations. The samples prepared in this step have been used as the molds for imprinting. 
 

Table 1. Conditions for wrinkle preparation on PDMS substrates used for molds 
 
 
 
 
 
 
 
 
 
 
 
 
W and A reflect wavelength and amplitude, respectively, and are depicted in μm. The substrates were further indicated as 
W0.5, W3, and W10. 
 
7.2.3 Imprinting 
To exclude chemical and mechanical variations originating from the different preparation procedures, a 
mixture of prepolymer and cross-linking agent (ratio of 10:1, weight) was poured onto the surface of the 
wrinkle substrates acting as the mold, prepared in last step, and was cured at 70 °C for overnight. Afterwards, 
the freshly prepared substrates were detached from the mold, and treated with air plasma before cell seeding 
at 500 mTorr for 1 min. The Flat control sample was treated similar as the imprints indicated above (10:1 
for prepolymer and cross-linking agent, same curing and oxidization process), to guarantee that the 
substrates keep similar surface physicochemical properties. 
 
7.2.4 Topography Characterization  
Topography was characterized by atomic force microscope (AFM, Nanoscope V Dimension 3100 
microscope, Veeco, United States) using tapping mode approach in air (DNP-10 tip). The features were 
analyzed by NanoScope Analysis software.  
 
7.2.5 Fibroblast-derived extracellular matrix formation 
Substrates bearing decellularized ECM were prepared similarly as previously reported with 
modifications38,41. Briefly, human dermal fibroblasts were seeded at the density of 2 × 104 cells/well in 24-
well plate containing the different PDMS substrates (Flat and topography), and cultured in RPMI-1640 
supplemented with 10% fetal bovine serum (Gibco), 1% penicillin/streptomycin (Gibco), 0.1% ascorbic 
acid 2-phosphate (Sigma), and 1% glutamax (Gibco). Every three days the medium was refreshed. A 
confluent cell layer reached after 10 days and was washed with phosphate-buffered saline (PBS) twice and 
subsequently decellularized by incubation with a 0.5% Triton X-100 solution and 20 mM NH4OH in PBS 
at 37 °C for 10 min. Samples were afterwards treated with a 10 μg/ml solution of DNase I (Roche) at 37 
°C for 2 h to get rid of any DNA contamination. The decellularized CDM was gently washed with PBS five 
times to completely remove all of the sacrificial fibroblasts, and the resulting CDM was immediately used 
or kept under sterile conditions at 4 °C before use.  
 
7.2.6 Cell Culture  
hBM-MSCs  from Lonza (passage 2) were cultured in growth medium supplemented with Alpha modified 
Eagle medium (Gibco), 10% fetal bovine serum (Gibco), 0.1% ascorbic acid 2-phosphate (Sigma), and 1% 
penicillin/streptomycin (Gibco). Cells were incubated at 37 °C with 5% CO2. Every three days the culture 
medium was refreshed and cells were passaged or harvested at approximately 80% confluence. The 
confluent cells were subcultured by trypsinization. hBM-MSCs of passage 4 were used for the next 
experiments. 
 
 
 

Substrate 
Ratio of 

prepolymer and 
curing agent 

Stretched 
percentage 

(%) 

Operating 
pressure 
(Torr) 

Plasma 
time (s) 

W0.5/A0.05 10:1 30 14 60  

W3/A0.7 
 

10:1 
 

30 0.025 
 

20  
 

W10/A3.5 10:1 20 0.025 650  
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7.2.7 Immunostaining 
PDMS substrates were washed with 70% ethanol for sterilization and put in 24-well plates. The substrates 
were washed with PBS prior to use. Afterward, hBM-MSCs were seeded at a density of 1 × 104 cells/well. 
For immunostaining, hBM-MSCs were rinsed with Dulbecco's PBS (DPBS), and subsequently fixed using 
3.7% paraformaldehyde (PFA) solution in PBS for 20 min. Afterward, the membrane of the cell was 
permeabilized using a 0.5% Triton X-100 solution for 3 min and blocked with 5% bovine serum albumin 
(BSA) in PBS solution for 30 min. The cells were subsequently incubated with a primary antibody for 
collagen (Sigma, 1:100), fibronectin (Sigma, 1:100), OPN (Developmental Hybridoma Bank, MPIIIB10, 
1:100), vinculin (clone hVin-1, Sigma, 1:100), phosphorylated myosin light chain (pMLC, Cell Signaling, 
3675, 1:200), YAP (Santa Cruz Biotechnology, SC-101199, 1:100) for 1 h, followed by treatment with 
secondary antibody Rhodamine RedTM-X-labeled goat-anti-mouse antibody (Jackson Immunolab, 1:100). 
Finally, the nucleus and cytoskeleton were stained with DAPI and FITC/TRITC-phalloidin, respectively, 
by incubation for another 1 hour. For imaging of the cells the TissueFaxs (TissueGnostics GmbH, Vienna, 
Austria) was used. Vinculin, pMLC, and YAP staining were imaged with a LEICA TCS SP2 confocal laser 
scanning microscopy (CLSM) equipped with a 40× NA 0.80 water immersion objective. Additionally, focal 
adhesion determinations were performed by analysis of the images using an online Focal Adhesion Analysis 
Server42, and elongation of Focal Adhesion was said to be the ratio between the length on the major axis to 
the width of the minor axis, thereby cell with a perfect circle shape has an elongation of 1 (also applied for 
cell elongation). The myosin fluorescent intensity was determined as previously reported.43 
 
7.2.8 Osteogenic Differentiation of hBM-MSCs 
hBM-MSCs were cultured on the different samples at a cell density of 1×104 cells/well in 24-well plate. Cells 
were incubated at 37 °C, 5% CO2 and after 24 h the growth medium was exchanged for osteogenic induction 
medium (OM), which was composed of growth medium supplemented with 10 mM glycerophosphate 
(Sigma) and 100 nM dexamethasone (Sigma). The cells were cultured over a period of 14−21 days and 
replacement of the medium was done every three days.  
 
7.2.9 Mineralization identification by Alizarin Red Staining  
The mineralization of the ECM was analyzed by Alizarin Red staining after culturing the cells for 21 days 
under differentiation conditions. The samples were washed with PBS twice, fixed with 4% PFA for 
15 minutes and incubated with 0.1% Alizarin Red solution at room temperature for 30 minutes. Cells were 
two times washed with PBS before imaging. For quantification of the mineralization, the stained nodules 
were extracted for 30 minutes with 10% cetylpyridinum chloride in 10 mM sodium phosphate buffer at 
room temperature. The absorbance was determined by a microplate reader (BMG LABTECH, Offenburg, 
Germany) at 540 nm to determined quantitatively the amount of stain present. Normalization was 
performed for the results by accounting for the cell number in each well. The number of cells was calculated 
by quantitative analysis of DAPI positive nuclei using TissueQuest software after imaging with TissueFaxs-
Tissue-Gnostics microscopy setup in a high-throughput manner. 
 
7.2.10 Statistics  
Data are given as mean values ± standard deviation (SD). Origin 9.0 software was used for statistical analysis. 
One way analysis of variance (ANOVA) with Tukey’s test was used for all data to determine differences 
between groups. *P < 0.05, **P < 0.01, and ***P < 0.001. 
 
7.3 Results 
 
7.3.1 Topography-CDM substrate fabrication and characterization 
To determine the synergism between topography and CDM on the differentiation behavior of stem cells, 
CDM was prepared by cultivating fibroblasts on the substrates with different aligned topographies for 10 
days, which were subsequently decellularized using a chemical approach.  
In this study, PDMS substrates with aligned topographies were prepared as described previously14,15. The 
topographies after imprinting were determined and visualized by AFM. As shown in Figure 2A, based on 
the preparation conditions as depicted in Table 1, wrinkle-like topographies were fabricated with different 
wavelengths (W; μm) and amplitudes (A; μm). For the wrinkle substrate, the anisotropic wave-like structure 
could be clearly observed. The amplitude increased with increasing wavelength both these features are 
coupled and associated with the oxidation degree of the surface, i.e., the time of plasma oxidation treatment. 
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The amplitudes of the topography were 0.05 μm, 0.7 μm, and 3.5 μm for W0.5, W3, and W10, respectively. 
The different substrates with the aligned topographies are denoted as W0.5, W3, and W10. Flat was used as 
a control. 
After the fibroblast culture and subsequent decellularization, the remaining CDM had a significant influence 
on the surface topography of the substrate (Figure 2B). For Flat, compared to the smooth surface before 
CDM deposition (original), the surface with CDM showed a much rougher surface structure indicating the 
presence of a newly added layer. For W0.5, intriguingly, the CDM completely covered the original wave-like 
structure, which could no longer be observed. For W3, the topography was still clearly distinguishable after 
CDM deposition although the amplitude decreased from 0.7 μm to about 0.4 μm indicating that more CDM 
was collected at the bottom of the wave-like structure. The change in roughness was not clear on the W10 
substrate, which may be due to the larger dimension but also here the amplitude decrease substantially going 
from 3.5 μm to about 2.2 μm.  

 
 
Figure 2. Representative AFM images of substrate and topography profiles (height) of the structured 
PDMS substrates obtained (A) after imprinting and (B) after ECM deposition by fibroblasts with subsequent 
decellularization. W0.5, W3, and W10 stands for W0.5/A0.05, W3/A0.7, and W10/A3.5, respectively, and 
W is the abbreviation of wavelength.  
 
To further confirm that the visualized layer on top of the substrates using AFM was indeed the decellularized 
ECM, two major ECM glycoproteins (Fn, Col I) were stained by immunofluorescence. Both proteins were 
found to be present in the CDM, suggesting the maintenance of bioactivity in the fibroblast-derived ECM. 
As illustrated in Figure 3, the ECM proteins displayed anisotropic structure (along the direction of wrinkle) 
on all the substrates except Flat, which showed isotropic fiber structures. With increasing wrinkle size, the 
orientation degree of Fn (Figure 3A) and Col I (Figure 3B) increased. Furthermore, the ECM proteins 
were organized into a network, indicating that CDM organization and structure was well retained after 
decellularization.  
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Figure 3. Representative immunofluorescent image of macromolecular ECM components (A: Fn; B: Col 
I) after decellularization. The white color arrows refer to the direction of wrinkle. Scale bar is 40 μm. 
Corresponding angular graph of Col I orientation on different substrates (C), statistical analysis of Col I 
orientation (D), and quantified fluorescence intensity of Col I compared to the mean values of Flat 
substrate (E). Five images for each substrate were analyzed. Data are shown as mean ± standard deviation 
(SD), and N.S, not significant, **P < 0.01, ***P < 0.001. 
 
To further confirm the discrepancy between different substrates, the orientation distribution of Col I fiber 
was measured (Figure 3C). Compared with the broad orientation distribution of Col I for Flat and W0.5, 
there was a narrow distribution for W3 and W10, indicating the higher level of orientation. We also 
quantitatively analyzed the orientation of Col I, calculated as the percentage of the main axis of fiber within 
10°from the direction of topography44,45. As shown in Figure 3D, W3 and W10 displayed the highest degree 
of orientation (65%, 61%, respectively), much higher than that for W0.5 (42%). The Flat control displayed 
no specific orientation, which is to be expected as there is no surface structuring present. Furthermore, the 
fluorescent intensity for Col I (Figure 3E) and Fn (Figure S3), major components in ECM, were quantified 
by Fiji. The results showed that no significant difference were found for the various samples, suggesting 
that the amount of deposited CDM was similar on all substrates. These results demonstrate that the CDM 
maintains the proper morphology after decellularization, and that substrate topography has a noteworthy 
influence on the orientation of deposited Fn and Col I in CDM. The orientation of the CDM most likely 
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results from the initial orientation of the cultured fibroblast that also responded well to the W3 and W10 
anisotropic structures (Figure S1). 
 
7.3.2 hBM-MSCs morphology on CDM-deposited topography substrates 
Morphology and structure, such as cell area and cell orientation, are important factors in the function of 
native tissues and organs on both biological and mechanical levels46. For identifying the influence of 
deposited CDM on morphology of the cells, hBM-MSCs were cultured on pristine topography and the 
substrates coated with CDM after decellularization, and allowed to adhere and attach/spread for 1 day. To 
analyze cell nucleus and cytoskeleton, cells were stained with DAPI and phalloidin, respectively. Cell 
orientation, calculated as the percentage of the cells that have their main axis within 10°of the topography 
direction 44,45, was determined using Fiji.  
Illustrated in Figure 4A and 4B, the orientation of hBM-MSCs was highly influenced by the topography 
and CDM. Fibroblasts grown on the different substrates were also stained after culturing for 1 day and 10 
days, which is shown in Figure S1. The highly oriented fibroblasts resemble also the high degree CDM 
alignment. Apparently, deposited CDM follows the orientation of the cells. For the pristine substrates of 
Flat and W0.5 without a CDM coating, hBM-MSCs were randomly oriented (the orientation degree was 
22% (randomly chosen direction as there is no surface topography direction) and 36%, respectively, Figure 
4C) after 1 day. In contrast, cells on W3 and W10 displayed higher degree of orientation (69% and 94%, 
respectively) along the direction of the topography. For the substrates on which the deposited CDM resides, 
there is a slight increasing in orientation level for W0.5+CDM (51%) than the pristine substrates, indicating 
that CDM could facilitate the orientation of hBM-MSCs for the smaller wrinkle surface (W0.5). This 
indicates that even though the CDM layer is covering the W0.5 topographies and are not identifiable 
anymore, the alignment of the fibroblasts still deposits the CDM in the direction of the wrinkles be it less 
pronounced that for the W3 and W10. The CDM is then most likely acting as another topography substrate 
and guiding the cell orientation with the anisotropic protein fibers of the CDM (as shown in Figure 3A, 
3B). In contrast, the cell orientation decreased for W3+CDM (53%) compared with W3, possibly due to 
the decreased amplitude after CDM deposition, which may diminish the response to the topography. 
However, there is no change in orientation distribution for W10 and W10+CDM.  
The average single cell area (area/cell, μm2) was also quantified as it is well known that cell adhesion and 
spreading is able to influence the expression of differentiation markers of stem cells47. As shown in Figure 
4D, for pristine wrinkle substrates, the average area/cell gradually decreased with increasing wrinkle 
dimensions. The cell area was 1742 μm2, 1659 μm2, 1368 μm2 and 1202 μm2 for Flat, W0.5, W3, and W10, 
respectively. Interestingly, the area/cell slightly decreased after CDM deposition. For Flat+CDM, 
W0.5+CDM, W3+CDM, and W10+CDM the cell area was about 1583 μm2, 1480 μm2, 1230 μm2, and 1030 
μm2, respectively. The reason for the decreasing cell area for each substrate, for instance, Flat versus 
Flat+CDM, may be attributable to the CDM deposition, increasing the roughness of substrate where cells 
grown on and leading to the limitation of cell spreading. Furthermore, the density of hBM-MSCs was 
quantified for 1 and 14 days after seeding and the results indicate that no significant difference was found 
for the pristine substrates compared to substrates coated with CDM (Figure S2). Cell aspect ratio (CAR) 
was also quantified (Figure 4E) and for cells cultured on W0.5, W3, and W10, the CAR was 7.5, 11, and 
18.3, respectively, much higher than cells grown on Flat (CAR of 5.3). Intriguingly, substrates with deposited 
CDM enhanced the cell elongation. CAR for Flat+CDM, W0.5+CDM, and W3+CDM was 9.8, 10.5, and 
16, respectively. However, there is not much difference for W10 versus W10+CDM. Collectively, these 
findings elucidate the significant influence of CDM, the native ECM, on the cell orientation, cell area, cell 
elongation, and shows that the addition of CDM does not automatically leads to more spreading.  
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Figure 4. Representative fluorescence microscopy images of hBM-MSCs grown on (A) pristine topography 
and (B) substrates deposited CDM for 1 day, respectively. The row below the fluorescent image was the 
corresponding angular graph of cell cytoskeleton orientation on different substrates. The cytoskeleton (red) 
and the nucleus (blue) were visualized using TRITC-labeled phalloidin and DAPI as staining, respectively. 
The arrow represents the direction of the wrinkle. Scale bar is 100 μm for all the images. Statistical analysis 
of (C) cell orientation, (D) area per cell, and (E) cell aspect ratio (n ≥ 60 cells, three independent 
experiments). Data are shown as mean ± standard deviation (SD), and *P < 0.05. 
 
7.3.3 Topography and CDM display synergistic effect on MSC osteogenesis 
To determine the synergistic effect of topography and CDM on osteogenesis of hBM-MSCs, these cells 
were cultured on the original wrinkle substrates and substrates bearing CDM, respectively, and using 
osteogenic induction medium (OM) as culture medium for 14 days. After that, cells were fluorescently 
labeled for osteopontin (OPN), a well-documented marker expressed in the later process of osteogenesis48. 
The cells stained by OPN were imaged by TissueFaxs, which is a high-throughput imaging method that 
provides the possibility of maintaining the same parameters during the whole imaging process allowing for 
the fluorescence output to be compared appropriately for quantification. As shown in Figure 5A, cells 
grown on Flat and W10 compared to those on W0.5 and W3 exhibited a higher expression level of OPN. 
Interestingly, for cells cultured on the substrates decorated with CDM, the differentiation capacity was 
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enhanced, especially for W0.5 and W3. In contrast, there was no prominent difference for Flat and W10 
between pristine substrates and coated with CDM. The effect was further quantified and depicted in Figure 
5B, the OPN level of cells on W0.5+CDM and W3+CDM was a 2.72-fold and 1.73-fold increase with 
respect to those on W0.5 and W3, respectively. In contrast, no significant difference was found between the 
group of Flat and Flat+CDM, W10 and W10+CDM. These findings suggest that CDM layer could 
significantly improve the differentiation towards the osteogenic lineage but not in a similar degree for all 
substrates and that only a specific topography is able to enhance the CDM effect and that CDM by itself 
only displays a minor contribution without the presence of topography as indicated by the comparison 
between Flat and Flat+CDM. 

 
 
Figure 5. Immunofluorescent labeling of osteogenic marker OPN of hBM-MSCs cultured on the original 
substrate and CDM substrates cultured for 14 days in OM (A). hBM-MSCs were labeled for nuclei (DAPI, 
blue), and OPN (red). The scale bar is 100 μm for all images. Quantification of OPN expression (B) in cells 
cultured in OM at day 14, normalized by cell number (n ≥ 100 cells, three independent experiments). Data 
are shown as mean ± standard deviation (SD), and **P < 0.01, ***P < 0.001. 
 
In order to further confirm the differentiation behavior, the cultures were treated with Alizarin red after a 
culture of 21 days, which is able to visualize calcium deposition, an important indicator to determine the 
final stage of osteogenic differentiation49. As shown in Figure 6A, the samples of Flat, W0.5 and W3 were 
positive for Alizarin red (red color), however, none of the cells cultured on W10 displayed mineral 
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deposition. Interestingly, hBM-MSCs cultured on the substrate coated with CDM showed more mineralized 
calcium nodules than pristine wrinkle surfaces. To quantify the mineralization of hBM-MSC, calcium 
deposits were de-stained, and to determine the amount of extracted stain the optical density (OD) was 
measured at 540 nm. As shown in Figure 6B, W3+CDM displayed the highest OD540, which points towards 
enhanced osteogenic differentiation capabilities. These results demonstrate that the CDM layer 
tremendously facilitates the mineralization secreted by hBM-MSCs, but only for distinct substrates and the 
added positive effects of the CDM differed much among the different substrates. The variations in and 
amount of the additive effects of the CDM indicates a synergistic effect for the W0.5 and even more so for 
W3 as the increase is much higher than expected when looking at the contribution of CDM on the Flat 
substrates and pristine W0.5 or W3. 

 
 

Figure 6. (A) Representative photographs of Alizarin Red stained calcium nodules indicating extracellular 
calcium deposits by osteoblasts derived from hBM-MSC cultured for 21 days in OM. (B) Mineralization 
quantification by elution of Alizarin Red S from stained mineral bone matrix. Data were shown as mean ± 
standard deviation (SD), and **P < 0.01. Scale bar represents 5 mm. 
 
7.3.4 Enhanced osteogenesis of hBM-MSCs on topography decorated with CDM mediated by 
mechanotransduction 
It is well documented that the fate of stem cells is regulated by physicochemical stimulation from the 
surrounding ECM via a process of mechanotransduction50, which transduces the physicochemical input 
into (bio)chemical signals51. To obtain insights about potential signaling proteins involved in transduction 
of the physiochemical stimuli, we investigated the localization expression of vinculin, Myosin, and YAP 
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both of which have been demonstrated to enhance osteogenic differentiation52–54. From the results of OPN 
expression and mineral production, the Flat, Flat+CDM, W3, and W3+CDM were selected for further 
investigation. 
The Hippo transcriptional co-activator Yes-associated protein (YAP) has recently been identified as a 
mechanical rheostat of the cell55, was shown to mediate osteogenic differentiation54,56. Phosphorylation 
induces the inactivation of YAP in the cytoplasm. Alternatively, activated YAP is translocated into the 
nucleus, inducing the expression of genes involved in osteogenic differentiation. To investigate topography-
induced YAP activation with and without CDM, we immunostained for YAP and quantified the fraction 
localized to the nucleus of the hBM-MSCs. When cells grown on the substrates coated with CDM, YAP 
showed a higher enrichment into the nucleus (Figure 7A). Quantitative analysis (Figure 7B) indicated that 
the cell percentage with YAP located in the nucleus increased from 54 % to 68 % for Flat versus Flat+CDM, 
and from 60 % to 79 % for W3 versus W3+CDM, respectively. More interestingly, there is no significant 
difference between Flat and W3. However, for W3+CDM the percentage of nuclear positive cells for YAP 
is significantly higher than Flat+CDM, indicating that there is a synergistic influence of topography and 
CDM on YAP localization. These findings indicate that CDM facilitates the YAP translocated from 
cytoplasm into nuclear and that topography combined with CDM enhance each other. 

 
Figure 7. (A) Representative images of hBM-MSCs residing on different surfaces and the location of YAP 
after  24 hours of seeding. Blue: nucleus, Green: F-actin, Red: YAP. The arrows refer to the YAP location. 
Scale bar depicts 20 μm. (B) The percentage of cells with YAP localized in the nucleus. Data are indicated 
as mean ± standard deviation (SD) (n ≥ 30 cells, three independent experiments), and *P < 0.01. 
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Considering the difference for YAP phosphorylation, the related mechanism was investigated on how the 
sensing of the cell of CDM+topography was related with the YAP localization in hBM-MSCs. Previously, 
the RhoA/ROCK/myosin-II, the major signaling pathway mediating the contractility of the cytoskeletal in 
non-muscle mammalian cells was shown to be important for regulating osteogenesis57. Intracellular tension 
can be characterized by phosphorylated myosin light chain (pMLC). Immunofluorescent staining of pMLC 
was performed for hBM-MSCs after a 1 day culture. Representative immunofluorescent images of hBM-
MSCs labeled with pMLC are shown in Figure 8A. For cells grown on W3+CDM it was found that these 
cells have higher intensity of pMLC in comparison to the other three groups. Quantification of the results 
indicates that the pMLC level of cells on W3+CDM were 2.1, 1.46 and 1.9-fold higher than on the Flat, 
Flat+CDM, and W3, respectively (Figure 8B). It was found that there is no difference among the latter 
three substrates. These results indicate that the CDM layer has a great effect on cell tension or contractility 
but only when it is combined with the correct topography. 

 
Figure 8. Fluorescent images of cell tension on the various substrates. (A) Representative images of single 
stem cells on the various substrates with and without CDM in the growth medium cultured for 24 h. Nucleus 
(Blue), F-actin (Green), pMLC (Red). Scale bar indicates 20 μm. (B) Integrated intensity the fluorescence of 
pMLC, and compared via normalization for the Flat substrate. Data are given as mean ± standard deviation 
(SD) (n ≥ 30 cells, three independent experiments), and *P < 0.05.  
 
Vinculin is a marker protein for focal adhesion and interacts with F-actin to recruit actin filaments toward 
the sites of the focal adhesion.58 Previously, it was shown that focal adhesions (FA) formation is related to 
RhoA/ROCK signaling pathway by affecting contractility of the cell. Also it was found that more FAs are 
beneficial for osteogenesis59,60. To investigate the changes for vinculin expression of hBM-MSCs cultured 
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on pristine topography versus CDM+topography, vinculin was stained and visualized by CLSM after 
culturing for 1 day. As shown in the immunofluorescent image (Figure 9A), vinculin spots with more well-
defined dash like structure were identified when cells are grown on Flat+CDM and W3+CDM, compared 
with Flat and W3, respectively, indicating that CDM is able to enhance vinculin expression. In comparison 
to the other three substrates, hBM-MSCs on W3+CDM showed the highest expression. In general, 
micrometer-sized punctate structures are typically regarded as the mature FAs61. To gain more insight in the 
FAs formation on various substrates, FAs area per cell was quantified using an online Focal Adhesion 
Analysis Server42 (Figure 9B). The FA area/cell progressively increased on CDM substrates compared to 
the pristine topography substrates. FA area per cell for cells cultured on W3+CDM (310 μm2) was much 
larger than those on Flat+CDM (202 μm2), W3 (263 μm2), and Flat (169 μm2). As FAs elongation is an 
indicator for the maturity62, the elongation was also quantified with the method mentioned above. It was 
observed that substrates deposited with CDM increased FAs elongation. As illustrated in Figure 9C, FAs 
elongation for cells grown on Flat+CDM was 2.39, higher than that on Flat substrate (1.87), and there is 
similar trend for W3 and W3+CDM, varying from 2.3 to 2.75, suggesting that CDM improves the maturity 
of FAs. Collectively, our findings suggest that CDM on the wrinkle structure is able to facilitate the 
formation, and elongation of FAs, strengthen the cell contractility and activate more YAP translocated into 
nucleus and leading to enhanced osteogenesis. 
 

 
Figure 9. (A) Immunofluorescent staining of hBM-MSCs for vinculin after 1 day culture on various 
substrates. Blue: nucleus, Green: F-actin, Red: vinculin. Grayscale image for vinculin was shown in Figure 
S4. Scale bar indicates 20 μm. Quantification of (B) FA area per cell, and (C) FA elongation. The white 
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arrows refer to vinculin spots that are well-defined dash like in structure. Data are displayed as mean ± 
standard deviation (SD) (n ≥ 30 cells, three independent experiments), and *P < 0.05. 
 
7.4 Discussion 
 
Although, it is well established that both CDM and topography are used to create a microenvironment that 
mimics the natural niche of stem cells and have a high impact on cellular behaviors. There are relatively little 
studies that focus on the co-effect of them on osteogenesis of hBM-MSCs, and as far as we could identify, 
the only one research performed by Zhao et al. elucidate that ECM sheet significantly increase calcium 
deposition of MSCs, however, the alignment of the these do not seem to be of influence. In our study, the 
PDMS-based anisotropic topography substrates with varying in wavelength and amplitude were prepared 
for studying the synergistic effect of CDM and topography on osteogenesis. Furthermore, we found that 
the enhanced osteogenesis of hBM-MSCs on CDM-topography is partly mediated by focal adhesion, 
cytoskeletal contractility, and YAP signaling activation. 
The topographies used in this study relate to the natural ECM in the sense that it has a fiber-like morphology 
rather than the shape-edged gratings that often are used. Furthermore, the W0.5 topography represents the 
nanoscale features found in ECM in vivo, while W3, W10 stand for the microscale features. Previously, these 
patterns were found to influence hBM-MSC with respect to osteogenic differentiation14. Therefore, in this 
study, we choose these patterns to further elucidate the synergism between CDM and topography on 
osteogenic differentiation. For the preparation of extracellular matrix, some previous studies used the ECM 
scaffolds derived from tissues such as muscle63 and cartilage64. Compared with tissues, cultured cells have 
several advantages, for example, possibility of mixing ECM harvested from different types of cells, the 
potential of originating from autologous cells to provide autologous ECM scaffolds to avoid the undesired 
host responses36. After decellularization, the fibroblast-derived ECM maintain good morphology and 
network structure (Figure 3A, 3B), and the orientation distribution of ECM fiber is dependent on the 
dimension of wrinkle (Figure 3C and 3D) indicating strong correlation with the fibroblast response to the 
wrinkle topography. Although, the main type of the matrix components remained the same, growth factor 
secretion (e.g., TGF-β1, bFGF, and VEGF) by cells was not considered here but could have an altered 
composition and be confined within the matrix even after the extensive washing steps. Furthermore, we 
also demonstrate that there is an important influence of CDM on the cell orientation, cell area and aspect 
ratio (Figure 4).  
Our results are in agreeing well with results from previous studies63, in which Cho et al. demonstrate that 
topographical and derived ECM have a synergistic effect on myogenic differentiation and maturation. 
Furthermore, we found that there is a varied degree of OPN expression and mineralization on different 
wrinkle size substrates decorated with CDM, which is inconsistent with the findings of Zhao and co-
workers34. In their study, they cultured stem cells on Flat and nano-patterned substrates of 130 nm in depth 
and 350 nm in width, deposited with fibroblast-derived ECM, and found that the aligned topography did 
not influence the osteogenic activity. However, they did not vary the parameter of the topography, therefore 
overseeing certain possible positive correlations as we present here. With the deposition of the CDM, the 
fibers also align to some degree to the topography due to the alignment of the fibroblasts that deposited it. 
From the various results, it can be concluded that the synergy is not due to simply introducing the 
biochemical nature of the CDM or the alignment of it. Comparing Flat with and without CDM, there is no 
enhancement in osteogenesis. Therefore, only adding the biochemical nature is not providing substantial 
stimulus. When aligning the CDM as seen on the W10 substrates, also there alignment with the biochemical 
nature of the CDM does not enhance differentiation. Only for W0.5 and W3 with CDM, a synergistic effect 
is observed despite the difference in CDM alignment between the two substrates. While for OPN 
expression, both these topographies with CDM display a synergistic effect, when looking at the final 
functional state namely mineralization, the enhancement is more prominent for W3+CDM. That the 
difference for W0.5 is less efficient as for W3 might be due to the addition of the CDM and thereby masking 
to some degree the topographical stimulation of the cell, which is still clearly visible for the W3+CDM 
(Figure 2). We recently showed that topography both the amplitude and wavelength play an important 
role65 but overcrowding the topography too much will certainly make the stimulus less pronounced.  
Until now, although some researchers have elucidated that for proliferation, migration, and differentiation 
on topography66 and stiffness67 of the substrate, YAP-dependent mechanotransduction is required. Few 
studies investigated the mechanotransduction of cells cultured on CDM. Park et al.28 identified the 
mechanotransduction of human pluripotent stem cells (hPSC) cultured on fibroblast-derived matrices 
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(FDM) with decellularization, to elucidate cell adhesion, proliferation, migration, and pluripotency. Their 
results indicate that stiffness of FDM is a dominant influence in mediating hPSC plasticity. Recently, Yang 
and co-workers68 found that increasing the density of ECM ligands (Fn, Col I, Col IV and laminin) alone 
can trigger nuclear translocation of YAP without changing substrate stiffness, and further showed that 
altering the type of ECM modulates hMSC osteogenic differentiation without altering the stiffness of the 
substrate. Therefore, their findings highlight the important role of ECM in modulating 
mechanotransduction and differentiation of stem cells. Furthermore, Besenbacher et al.69 found that the 
adsorption of Fn (a major component of ECM) facilitates focal adhesion formation as compared to the 
uncoated surface, which is consistent with our current findings (Figure 9). In our study, we not only shown 
that the combination of CDM and topography synergistically enhances osteogenic differentiation (Figure 
5, Figure 6), but also investigated the related proteins involved in the process of mechanotransduction. We 
demonstrated that for the substrate W3+CDM, the higher expression of OPN and mineralization might be 
because of the increased formation, and elongation of FAs (Figure 9), stronger cytoskeleton contractility 
(Figure 8), and more YAP translocated into the nucleus (Figure 7), leading to the expression of the related 
gene in osteogenic differentiation. The potential mechanism for the improved capacity of osteogenesis on 
W3+CDM mediated by focal adhesion, cytoskeletal tension and YAP signaling pathway is illustrated in 
Figure 10. As there are other pathways involved in the osteogenesis process, for example, mitogen-activated 
protein kinase (MAPK) pathway70, focal adhesion kinase/MAPK and integrin linked kinase/β-Catenin 
pathways71. Therefore, further investigations are needed to fully identify the mechanisms involved in the 
osteogenic differentiation process stimulated by CDM and topography. 
 

 
 

Figure 10. Schematic representation the effects of topography and Flat substrates coated with CDM to 
directing osteogenic differentiation. Compared with pristine W3 substrate, wrinkle substrate coated with 
CDM will enhance the formation and elongation of focal adhesion, strengthen cell contractility, resulting 
in the activation of YAP and translocation into the nucleus, therefore improving osteogenesis of hBM-
MSCs. 
  
7.5 Conclusion 
 
In this study, we prepared anisotropic wrinkle substrate with different wavelength and amplitude, and 
harvested the cell-derived extracellular matrix to investigate the synergistic effect on the morphology and 
osteogenesis of hBM-MSCs. We demonstrate that substrates decorated with CDM have a significant impact 
on cell area and orientation distribution. Moreover, compared to Flat, Flat+CDM, W3, W3+CDM 
significantly facilitate the fate of hBM-MSCs toward the osteogenic lineage. And this process is connected 
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to a higher percentage of cells with YAP localized within the nucleus, stronger cell tension and more 
formation of focal adhesions. Taken together, this study displays the importance of the ECM in cellular fate 
decisions and the CDM is able to provide useful approaches to study the interaction between the natural 
matrix and stem cells, which could facilitate viable applications in tissue engineering and regenerative 
medicine. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



125 
 

7.6 References 
 
(1)  Humphrey, J. D.; Dufresne, E. R.; Schwartz, M. A. Mechanotransduction and Extracellular Matrix 

Homeostasis. Nat. Rev. Mol. Cell Biol. 2014, 15 (12), 802–812. 
(2)  Murphy, W. L.; McDevitt, T. C.; Engler, A. J. Materials as Stem Cell Regulators. Nat. Mater. 2014, 

13 (6), 547–557. 
(3)  Lutolf, M. P.; Gilbert, P. M.; Blau, H. M. Designing Materials to Direct Stem-Cell Fate. Nature 2009, 

462 (7272), 433–441. 
(4)  Ko, E.; Yu, S. J.; Pagan-Diaz, G. J.; Mahmassani, Z.; Boppart, M. D.; Im, S. G.; Bashir, R.; Kong, 

H. Matrix Topography Regulates Synaptic Transmission at the Neuromuscular Junction. Adv. Sci. 
2019, 6 (6), 1801521–1801531. 

(5)  Poudineh, M.; Wang, Z.; Labib, M.; Ahmadi, M.; Zhang, L.; Das, J.; Ahmed, S. U.; Angers, S.; Kelley, 
S. O. Three-Dimensional Nanostructured Architectures Enable Efficient Neural Differentiation of 
Mesenchymal Stem Cells via Mechanotransduction. Nano Lett. 2018, 18, 7188–7193. 

(6)  Dalby, M. J.; Gadegaard, N.; Oreffo, R. O. C. Harnessing Nanotopography and Integrin-Matrix 
Interactions to Influence Stem Cell Fate. Nat. Mater. 2014, 13 (6), 558–569. 

(7)  Baek, J.; Jung, W.-B.; Cho, Y.; Lee, E.; Yun, G.-T.; Cho, S.-Y.; Jung, H.-T.; Im, S. G. Facile 
Fabrication of High-Definition Hierarchical Wrinkle Structures for Investigating the Geometry-
Sensitive Fate Commitment of Human Neural Stem Cells. ACS Appl. Mater. Interfaces 2019, 11 (19), 
17247–17255. 

(8)  Zhang, X.; Cui, X.; Wang, D.; Wang, S.; Liu, Z.; Zhao, G.; Zhang, Y.; Li, Z.; Wang, Z. L.; Li, L. 
Piezoelectric Nanotopography Induced Neuron-Like Differentiation of Stem Cells. Adv. Funct. 
Mater. 2019, 29 (22), 1900372–1900381. 

(9)  Kim, J.; Kim, H. N.; Lim, K. T.; Kim, Y.; Pandey, S.; Garg, P.; Choung, Y. H.; Choung, P. H.; Suh, 
K. Y.; Chung, J. H. Synergistic Effects of Nanotopography and Co-Culture with Endothelial Cells 
on Osteogenesis of Mesenchymal Stem Cells. Biomaterials 2013, 34 (30), 7257–7268. 

(10)  Dalby, M. J.; Riehle, M. O.; Johnstone, H.; Affrossman, S.; Curtis, A. S. G. Investigating the Limits 
of Filopodial Sensing: A Brief Report Using SEM to Image the Interaction between 10 Nm High 
Nano‐topography and Fibroblast Filopodia. Cell Biol. Int. 2004, 28 (3), 229–236. 

(11)  Zhou, Q.; Castañeda Ocampo, O.; Guimarães, C. F.; Kühn, P. T.; Van Kooten, T. G.; Van Rijn, P. 
Screening Platform for Cell Contact Guidance Based on Inorganic Biomaterial 
Micro/Nanotopographical Gradients. ACS Appl. Mater. Interfaces 2017, 9 (37), 31433–31445. 

(12)  Abagnale, G.; Sechi, A.; Steger, M.; Zhou, Q.; Kuo, C. C.; Aydin, G.; Schalla, C.; Müller-Newen, G.; 
Zenke, M.; Costa, I. G.; Van Rijn, P.; Gillner, A.; Wagner, W. Surface Topography Guides 
Morphology and Spatial Patterning of Induced Pluripotent Stem Cell Colonies. Stem Cell Reports 2017, 
9 (2), 654–666. 

(13)  Liguori, G. R.; Zhou, Q.; Liguori, T. T. A.; Barros, G. G.; Kühn, P. T.; Moreira, L. F. P.; van Rijn, 
P.; Harmsen, M. C. Directional Topography Influences Adipose Mesenchymal Stromal Cell 
Plasticity: Prospects for Tissue Engineering and Fibrosis. Stem Cells Int. 2019, 2019, 1–14. 

(14)  Yang, L.; Gao, Q.; Ge, L.; Zhou, Q.; Warszawik, E. M.; Bron, R.; Lai, K. W. C.; van Rijn, P. 
Topography Induced Stiffness Alteration of Stem Cells Influences Osteogenic Differentiation. 
Biomater. Sci. 2020, 8, 2638–2652. 

(15)  Yang, L.; Jurczak, K. M.; Ge, L.; van Rijn, P. High Throughput Screening and Hierarchical 
Topography-Mediated Neural Differentiation of Mesenchymal Stem Cells. Adv. Healthc. Mater. 2020, 
2000117–2000131. 

(16)  Yang, L.; Ge, L.; Zhou, Q.; Mokabber, T.; Pei, Y.; Bron, R.; van Rijn, P. Biomimetic Multiscale 
Hierarchical Topography Enhances Osteogenic Differentiation of Human Mesenchymal Stem Cells. 
Adv. Mater. Interfaces 2020, In press, DOI: 10.1002/admi.202000385. 

(17)  Ge, L.; Yang, L.; Bron, R.; Burgess, J. K.; van Rijn, P. Topography-Mediated Fibroblast Cell 
Migration Is Influenced by Direction, Wavelength, and Amplitude. ACS Appl. Bio Mater. 2020, 3 (4), 
2104–2116. 

(18)  Lutolf, M. P.; Hubbell, J. A. Synthetic Biomaterials as Instructive Extracellular Microenvironments 
for Morphogenesis in Tissue Engineering. Nat. Biotechnol. 2005, 23 (1), 47–55. 

(19)  Brown, J. H.; Das, P.; DiVito, M. D.; Ivancic, D.; Poh Tan, L.; Wertheim, J. A. Nanofibrous PLGA 
Electrospun Scaffolds Modified with Type I Collagen Influence Hepatocyte Function and Support 
Viability In Vitro. Acta Biomater. 2018, 73, 217–227. 



126 
 

(20)  Rico, P.; Mnatsakanyan, H.; Dalby, M. J.; Salmerón-Sánchez, M. Material-Driven Fibronectin 
Assembly Promotes Maintenance of Mesenchymal Stem Cell Phenotypes. Adv. Funct. Mater. 2016, 
26 (36), 6563–6573. 

(21)  Lee, S.; Stanton, A. E.; Tong, X.; Yang, F. Hydrogels with Enhanced Protein Conjugation Efficiency 
Reveal Stiffness-Induced YAP Localization in Stem Cells Depends on Biochemical Cues. Biomaterials 
2019, 202, 26–34. 

(22)  Gehlen, D. B.; De Lencastre Novaes, L. C.; Long, W.; Ruff, A. J.; Jakob, F.; Haraszti, T.; Chandorkar, 
Y.; Yang, L.; Van Rijn, P.; Schwaneberg, U.; Laporte, L. D. Rapid and Robust Coating Method to 
Render Polydimethylsiloxane Surfaces Cell-Adhesive. ACS Appl. Mater. Interfaces 2019, 11 (44), 
41091–41099. 

(23)  Silantyeva, E. A.; Nasir, W.; Carpenter, J.; Manahan, O.; Becker, M. L.; Willits, R. K. Accelerated 
Neural Differentiation of Mouse Embryonic Stem Cells on Aligned GYIGSR-Functionalized 
Nanofibers. Acta Biomater. 2018, 75, 129–139. 

(24)  Cheong, H.; Kim, J.; Kim, B. J.; Kim, E.; Park, H. Y.; Choi, B. H.; Joo, K. Il; Cho, M. La; Rhie, J. 
W.; Lee, J. I.; Cha, H. J. Multi-Dimensional Bioinspired Tactics Using an Engineered Mussel Protein 
Glue-Based Nanofiber Conduit for Accelerated Functional Nerve Regeneration. Acta Biomater. 2019, 
90, 87–99. 

(25)  Zhu, M.; Lin, S.; Sun, Y.; Feng, Q.; Li, G.; Bian, L. Hydrogels Functionalized with N-Cadherin 
Mimetic Peptide Enhance Osteogenesis of HMSCs by Emulating the Osteogenic Niche. Biomaterials 
2016, 77, 44–52. 

(26)  Li, J.; Di Russo, J.; Hua, X.; Chu, Z.; Spatz, J. P.; Wei, Q. Surface Immobilized E-Cadherin Mimetic 
Peptide Regulates the Adhesion and Clustering of Epithelial Cells. Adv. Healthc. Mater. 2019, 8 (8), 
1–12. 

(27)  Yang, Y.; Lin, H.; Shen, H.; Wang, B.; Lei, G.; Tuan, R. S. Mesenchymal Stem Cell-Derived 
Extracellular Matrix Enhances Chondrogenic Phenotype of and Cartilage Formation by 
Encapsulated Chondrocytes in Vitro and in Vivo. Acta Biomater. 2018, 69, 71–82. 

(28)  Kim, I. G.; Gil, C. H.; Seo, J.; Park, S. J.; Subbiah, R.; Jung, T. H.; Kim, J. S.; Jeong, Y. H.; Chung, 
H. M.; Lee, J. H.; Lee, M. R.; Hwan Moon, S.; Park, K. Mechanotransduction of Human Pluripotent 
Stem Cells Cultivated on Tunable Cell-Derived Extracellular Matrix. Biomaterials 2018, 150, 100–111. 

(29)  Discher, D. E.; Mooney, D. J.; Zandstra, P. W. Growth Factors, Matrices, and Forces Combine and 
Control Stem Cells. Science. 2009, 324 (5935), 1673–1677. 

(30)  Sainio, A.; Koulu, M.; Wight, T. N.; Penttinen, R.; Ja, H. Extracellular Matrix Molecules: Potential 
Targets in Pharmacotherapy. Pharmacol. Rev. 2009, 61 (2), 198–223. 

(31)  Eyckmans, J.; Boudou, T.; Yu, X.; Chen, C. S. A Hitchhiker’s Guide to Mechanobiology. Dev. Cell 
2011, 21 (1), 35–47. 

(32)  Harvestine, J. N.; Orbay, H.; Chen, J. Y.; Sahar, D. E.; Leach, J. K. Cell-Secreted Extracellular Matrix, 
Independent of Cell Source, Promotes the Osteogenic Differentiation of Human Stromal Vascular 
Fraction. J. Mater. Chem. B 2018, 6 (24), 4104–4115. 

(33)  Sart, S.; Yan, Y.; Lochner, E.; Zeng, C.; Ma, T.; Li, Y. Crosslinking of Extracellular Matrix Scaffolds 
Derived from Pluripotent Stem Cell Aggregates Modulates Neural Differentiation. Acta Biomater. 
2016, 30, 222–232. 

(34)  Xing, Q.; Qian, Z.; Kannan, B.; Tahtinen, M.; Zhao, F. Osteogenic Differentiation Evaluation of an 
Engineered Extracellular Matrix Based Tissue Sheet for Potential Periosteum Replacement. ACS 
Appl. Mater. Interfaces 2015, 7 (41), 23239–23247. 

(35)  Xing, Q.; Vogt, C.; Leong, K. W.; Zhao, F. Highly Aligned Nanofibrous Scaffold Derived from 
Decellularized Human Fibroblasts. Adv. Funct. Mater. 2014, 24 (20), 3027–3035. 

(36)  Lu, H.; Hoshiba, T.; Kawazoe, N.; Koda, I.; Song, M.; Chen, G. Cultured Cell-Derived Extracellular 
Matrix Scaffolds for Tissue Engineering. Biomaterials 2011, 32 (36), 9658–9666. 

(37)  Cai, R.; Nakamoto, T.; Hoshiba, T.; Kawazoe, N.; Chen, G. Matrices Secreted during Simultaneous 
Osteogenesis and Adipogenesis of Mesenchymal Stem Cells Affect Stem Cells Differentiation. Acta 
Biomater. 2016, 35, 185–193. 

(38)  Kaukonen, R.; Jacquemet, G.; Hamidi, H.; Ivaska, J. Cell-Derived Matrices for Studying Cell 
Proliferation and Directional Migration in a Complex 3D Microenvironment. Nat. Protoc. 2017, 12 
(11), 2376–2390. 

(39)  Ahlfors, J. E. W.; Billiar, K. L. Biomechanical and Biochemical Characteristics of a Human 
Fibroblast-Produced and Remodeled Matrix. Biomaterials 2007, 28 (13), 2183–2191. 



127 
 

(40)  Lin, H.; Yang, G.; Tan, J.; Tuan, R. S. Influence of Decellularized Matrix Derived from Human 
Mesenchymal Stem Cells on Their Proliferation, Migration and Multi-Lineage Differentiation 
Potential. Biomaterials 2012, 33 (18), 4480–4489. 

(41)  Ragelle, H.; Naba, A.; Larson, B. L.; Zhou, F.; Prijić, M.; Whittaker, C. A.; Del Rosario, A.; Langer, 
R.; Hynes, R. O.; Anderson, D. G. Comprehensive Proteomic Characterization of Stem Cell-Derived 
Extracellular Matrices. Biomaterials 2017, 128, 147–159. 

(42)  Berginski, M. E.; Gomez, S. M. The Focal Adhesion Analysis Server: A Web Tool for Analyzing 
Focal Adhesion Dynamics. F1000Research 2013, 2, 68–71. 

(43)  Liu, X.; Liu, R.; Cao, B.; Ye, K.; Li, S.; Gu, Y.; Pan, Z.; Ding, J. Subcellular Cell Geometry on 
Micropillars Regulates Stem Cell Differentiation. Biomaterials 2016, 111, 27–39. 

(44)  Zhang, K.; Zheng, H.; Liang, S.; Gao, C. Aligned PLLA Nanofibrous Scaffolds Coated with 
Graphene Oxide for Promoting Neural Cell Growth. Acta Biomater. 2016, 37, 131–142. 

(45)  Charest, J. L.; Eliason, M. T.; García, A. J.; King, W. P. Combined Microscale Mechanical 
Topography and Chemical Patterns on Polymer Cell Culture Substrates. Biomaterials 2006, 27 (11), 
2487–2494. 

(46)  Takahashi, H.; Shimizu, T.; Nakayama, M.; Yamato, M.; Okano, T. Anisotropic Cellular Network 
Formation in Engineered Muscle Tissue through the Self-Organization of Neurons and Endothelial 
Cells. Adv. Healthc. Mater. 2015, 4 (3), 356–360. 

(47)  Charest, J. L.; García, A. J.; King, W. P. Myoblast Alignment and Differentiation on Cell Culture 
Substrates with Microscale Topography and Model Chemistries. Biomaterials 2007, 28 (13), 2202–
2210. 

(48)  Eid, A. A.; Hussein, K. A.; Niu, L.; Li, G.; Watanabe, I.; Al-Shabrawey, M.; Pashley, D. H.; Tay, F. 
R. Effects of Tricalcium Silicate Cements on Osteogenic Differentiation of Human Bone Marrow-
Derived Mesenchymal Stem Cells in Vitro. Acta Biomater. 2014, 10 (7), 3327–3334. 

(49)  Qiu, J.; Li, J.; Wang, S.; Ma, B.; Zhang, S.; Guo, W.; Zhang, X.; Tang, W.; Sang, Y.; Liu, H. TiO2 
Nanorod Array Constructed Nanotopography for Regulation of Mesenchymal Stem Cells Fate and 
the Realization of Location-Committed Stem Cell Differentiation. Small 2016, 12 (13), 1770–1778. 

(50)  Humphrey, J. D.; Dufresne, E. R.; Schwartz, M. A. Mechanotransduction and Extracellular Matrix 
Homeostasis. Nat. Rev. Mol. Cell Biol. 2014, 15 (12), 802–812. 

(51)  Stanton, A. E.; Tong, X.; Lee, S.; Yang, F. Biochemical Ligand Density Regulates Yes-Associated 
Protein Translocation in Stem Cells through Cytoskeletal Tension and Integrins. ACS Appl. Mater. 
Interfaces 2019, 11 (9), 8849–8857. 

(52)  Han, P.; Frith, J. E.; Gomez, G. A.; Yap, A. S.; O’Neill, G. M.; Cooper-White, J. J. Five Piconewtons: 
The Difference between Osteogenic and Adipogenic Fate Choice in Human Mesenchymal Stem 
Cells. ACS Nano 2019, 13, 11129–11143. 

(53)  Xue, X.; Hong, X.; Li, Z.; Deng, C. X.; Fu, J. Acoustic Tweezing Cytometry Enhances Osteogenesis 
of Human Mesenchymal Stem Cells through Cytoskeletal Contractility and YAP Activation. 
Biomaterials 2017, 134, 22–30. 

(54)  Li, L.; Yang, S.; Xu, L.; Li, Y.; Fu, Y.; Zhang, H.; Song, J. Nanotopography on Titanium Promotes 
Osteogenesis via Autophagy-Mediated Signaling between YAP and β-Catenin. Acta Biomater. 2019, 
96, 674–685. 

(55)  Dupont, S.; Morsut, L.; Aragona, M.; Enzo, E.; Giulitti, S.; Cordenonsi, M.; Zanconato, F.; Le 
Digabel, J.; Forcato, M.; Bicciato, S.; Elvassore, N; Piccolo, S. Role of YAP/TAZ in 
Mechanotransduction. Nature 2011, 474 (7350), 179–183. 

(56)  Xue, X.; Hong, X.; Li, Z.; Deng, C. X.; Fu, J. Acoustic Tweezing Cytometry Enhances Osteogenesis 
of Human Mesenchymal Stem Cells through Cytoskeletal Contractility and YAP Activation. 
Biomaterials 2017, 134, 22–30. 

(57)  Khatiwala, C. B.; Kim, P. D.; Peyton, S. R.; Putnam, A. J. ECM Compliance Regulates Osteogenesis 
by Influencing MAPK Signaling Downstream of RhoA and ROCK. J. Bone Miner. Res. 2009, 24 (5), 
886–898. 

(58)  Golji, J.; Mofrad, M. R. K. The Interaction of Vinculin with Actin. PLoS Comput. Biol. 2013, 9 (4), 
1002995. 

(59)  Lauria, I.; Kramer, M.; Schröder, T.; Kant, S.; Hausmann, A.; Böke, F.; Leube, R.; Telle, R.; Fischer, 
H. Inkjet Printed Periodical Micropatterns Made of Inert Alumina Ceramics Induce Contact 
Guidance and Stimulate Osteogenic Differentiation of Mesenchymal Stromal Cells. Acta Biomater. 
2016, 44, 85–96. 



128 
 

(60)  Zhou, C.; Zhang, D.; Zou, J.; Li, X.; Zou, S.; Xie, J. Substrate Compliance Directs the Osteogenic 
Lineages of Stem Cells from the Human Apical Papilla via the Processes of Mechanosensing and 
Mechanotransduction. ACS Appl. Mater. Interfaces 2019, 11, 26448–26459. 

(61)  Turner, C. E. Paxillin and Focal Adhesion Signalling. Nature Cell Biology. 2000, 2 (12), E231–E236. 
(62)  Prager-Khoutorsky, M.; Lichtenstein, A.; Krishnan, R.; Rajendran, K.; Mayo, A.; Kam, Z.; Geiger, 

B.; Bershadsky, A. D. Fibroblast Polarization Is a Matrix-Rigidity-Dependent Process Controlled by 
Focal Adhesion Mechanosensing. Nat. Cell Biol. 2011, 13 (12), 1457–1465. 

(63)  Choi, Y.-J.; Park, S. J.; Yi, H.-G.; Lee, H.; Kim, D. S.; Cho, D.-W. Muscle-Derived Extracellular 
Matrix on Sinusoidal Wavy Surfaces Synergistically Promotes Myogenic Differentiation and 
Maturation. J. Mater. Chem. B 2018, 6 (35), 5530–5539. 

(64)  Cheng, N.-C.; Estes, B. T.; Young, T.-H.; Guilak, F. Genipin-Crosslinked Cartilage-Derived Matrix 
as a Scaffold for Human Adipose-Derived Stem Cell Chondrogenesis. Tissue Eng. Part A 2012, 19 
(3–4), 484–496. 

(65)  Liangliang Yang, Lu Ge, Qihui Zhou, Klaudia Jurczak, P. van R. Decoupling Amplitude and 
Wavelength of Anisotropic Topography and the Influence on Osteogenic Differentiation of 
Mesenchymal Stem Cells Using a High-Throughput Screening Approach. ACS Appl. Bio Mater. 2020, 
In press, DOI: 10.1021/acsabm.0c00330. 

(66)  Mascharak, S.; Benitez, P. L.; Proctor, A. C.; Madl, C. M.; Hu, K. H.; Dewi, R. E.; Butte, M. J.; 
Heilshorn, S. C. YAP-Dependent Mechanotransduction Is Required for Proliferation and Migration 
on Native-like Substrate Topography. Biomaterials 2017, 115, 155–166. 

(67)  Chu, G.; Yuan, Z.; Zhu, C.; Zhou, P.; Wang, H.; Zhang, W.; Cai, Y.; Zhu, X.; Yang, H.; Li, B. 
Substrate Stiffness- and Topography-Dependent Differentiation of Annulus Fibrosus-Derived Stem 
Cells Is Regulated by Yes-Associated Protein. Acta Biomater. 2019, 92, 254–264. 

(68)  Stanton, A. E.; Tong, X.; Yang, F. Extracellular Matrix Type Modulates Mechanotransduction of 
Stem Cells. Acta Biomater. 2019, 96, 310–320. 

(69)  Dolatshahi-Pirouz, A.; Jensen, T.; Kraft, D. C.; Foss, M.; Kingshott, P.; Hansen, J. L.; Larsen, A. N.; 
Chevallier, J.; Besenbacher, F. Fibronectin Adsorption, Cell Adhesion, and Proliferation on 
Nanostructured Tantalum Surfaces. ACS Nano 2010, 4 (5), 2874–2882. 

(70)  Wang, Q.; Chen, B.; Cao, M.; Sun, J.; Wu, H.; Zhao, P.; Xing, J.; Yang, Y.; Zhang, X.; Ji, M.; Gu, N. 
Response of MAPK Pathway to Iron Oxide Nanoparticles in Vitro Treatment Promotes Osteogenic 
Differentiation of HBMSCs. Biomaterials 2016, 86, 11–20. 

(71)  Niu, H.; Lin, D.; Tang, W.; Ma, Y.; Duan, B.; Yuan, Y.; Liu, C. Surface Topography Regulates 
Osteogenic Differentiation of MSCs via Crosstalk between FAK/MAPK and ILK/β-Catenin 
Pathways in a Hierarchically Porous Environment. ACS Biomater. Sci. Eng. 2017, 3 (12), 3161–3175. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 



129 
 

CHAPTER 8  
 
 

General Discussion & Future 
Perspective 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



130 
 

8.1 Discussion & Future plans 
 
The major impact of this thesis is the ability to address topography and its sub-parameters in a broad sense 
using compatible approaches without altering materials, chemistry, and mechanical properties that allows 
for a very good and controlled comparison of individual topography parameters concerning overall size, 
height, spacing, directionality, and relative orientation. By an impeccable control and the ability to vary 
design parameters irrespective of the other factors as indicated in Figure 1 allows us to gain insight in the 
importance of topography as well as the contributions of either nanostructures or microstructures separate 
and combined. The natural system such as collagen, the predominant protein in the ECM, displays all 
features simultaneously and it is difficult to single out individual contributions, especially topography. In 
order to understand the individual roles of these components, the work in this thesis sets out to shed light 
on the matters by not only on attempting to mimic topographical features with and without biochemical 
cues, but also by isolating individual components and varying the sub-parameters this, particularly as 
described here, the topography.  
 
Importance of substrate mechanical property should not be neglected 
The foundation of the results and findings in this thesis is cells that interact with topography (chapter 3, 4, 
5, 6) and also biochemical signals (chapter 7), however, it should be noted that the mechanical properties 
of the substrate also play a crucial role in modulating various cell behaviors. The mechanical property of 
PDMS used in this research is in the range of MPa, and it is well evidenced that stem cells tend more to 
differentiate into specific cell types on the surface with a tissue-like mechanical property1,2. For example, 
substrates of about 30−35 kPa are beneficial for osteogenic differentiation, softer substrate (<1 kPa) 
enhance neurogenic differentiation, and substrate with moderate mechanical properties improve myogenesis 
or adipogenesis3. Therefore, it remains challenging to develop a system with several parameters on a single 
substrate. It is fascinating to prepare orthogonal double/triple gradients, e.g., topography, stiffness, 
biochemistry, to investigate the synergistic role of them on osteogenic or neuron differentiation and achieve 
the optimum parameter, which would greatly accelerate the development of biomaterials. For preparing a 
stiffness gradient on the surface of PDMS, methods, for instance, temperature gradient during cross-linking, 
and shielded plasma oxidation with a mask could be used. Voelcker et al. developed a simple method to 
fabricate stiffness gradient (190 kPa−3.1 MPa) on PDMS substrate by temperature gradient for screening 
osteogenesis of mesenchymal stem cells4. In addition, previously our group also fabricated stiffness gradient 
by plasma oxidation, and the value ranged from 6 MPa to 89 MPa5. 
We showed substrates with specific wrinkle dimensions, decorated with cell-derived extracellular matrixes 
(CDMs), significantly improved the degree of osteogenic differentiation (chapter 7). It has to be noted that 
the CDMs developed in this study contain two parameters, namely, topography and biochemistry, however, 
the mechanical property of CDMs was neglected. Until now, most studies related with CDMs focused on 
the different cell types used for the secretion of CDMs or improving the differentiation of different stem 
cells, and overlooked the important role of stiffness of CDMs. It has been demonstrated that cross-linkers, 
e.g., genipin, can modulate the stiffness of CDMs6. Park et al. have suggested that decellularized fibroblast-
derived matrices are able to mediate mechanotransduction of human pluripotent stem cells6. Therefore, it 
would be a promising strategy to couple topography and mechanical property of CDMs to improve cell 
attachment, migration, differentiation, and stemness maintenance.   
 
The importance of nature’s hierarchical architectures for modulating cell behaviors 
Researchers have shown that substrates modified with collagen, the most important and abundant protein 
in ECM of natural bone, have a profound effect on fate commitment of stem cells7–9. While much effort is 
put into the design of such biochemical interactions using all sorts of surface functionalization with peptide 
structures to recreate the ECM bio-signaling, people pay little attention to fabricating the complex structures 
of collagen. Mainly stating that something looks like a fiber is thought to be a mimic of the natural system 
but going actually down to the hierarchical structure with defined orientations is scarce, partly due to limited 
techniques10. Mimicking the structure of collagen one could use collagen but it is hard to deactivate the 
biochemical cue. Additionally, in order to stress the importance of hierarchy and relative orientations of 
topography one also needs to be able to vary these properties, which is impossible to do with the natural 
features of collagen. 
Inspired by the hierarchical structure of nerve tissue and collagen, well-defined hierarchical (chapter 5) and 
multiscale wrinkle (chapter 6) structures were designed through a silicone stretch-oxidation-release method 
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and imprinting lithography. We found anisotropically hierarchical topography had a considerable influence 
on the morphology, orientation, and osteogenesis and neurogenesis of hBM-MSCs. However, it should be 
noted that the feature sizes used in these two studies do not exactly match the dimensions found in native 
collagen bundles in bone. However, they are in the same order and provide a strategy to test the influence 
of the hierarchical architecture on cell macroscopic behavior and fate commitment of stem cells. As there 
are many anisotropically hierarchical architectures in tissue in vivo, e.g., muscle11, it is interesting to prepare 
hierarchical structure with nano- and microscale to explore the influence on myogenesis. 
 
3D structures better mimic the environment in vivo 
Although 3D culture environments and the topography thereof is already a topic of investigation targeted 
by many researchers, still there is much to explore. Something as seemingly simple as topography may 
contain several other sub-parameters that may elicit very specific cell response and it is important to gain 
insight in the relevance of each of these sub-parameters e.g. spacing distance, height, direction, orientation. 
When topography is indicated as a parameter, it is mentioned in one breath with the extracellular matrix 
(ECM) as also there cells sense a direct contribution from the topography that the matrix offers. However, 
there is always the presence biochemical influences as the ECM is composed of specific peptide sequences 
that are inherently recognized by the cells but also due to the nature of the type of peptide, mechanical 
properties may differ substantially (Figure 1). As the illustration shows in Figure 1, it is a complex 
environment in 3D while most of the work done, including in this thesis is 2D. Cells cultured in 2D comprise 
cell-ECM connections on the vertical direction and cell-cell communications in the horizontal direction, 
while in 3D culture models, the interactions between cells, ECM and adjacent cells always take place on all 
directions12. And this difference may give rise to distinctive cellular behavior13. For example, Burdick et al.14 
found that MSCs displayed enhanced cell spreading and more YAP/TAZ translocated into nucleus when 
cells grown on the surface of stiffer hydrogels; however, the complete reverse trend was detected when cells 
were seeding within hydrogels with 3D structure, highlighting the important role of 3D structure for in vitro 
investigations. It is very interesting to fabricate a 3D environment combined topography and explore the 
influence on cell mechanotransduction and differentiation behaviors. For example, O. Kelley et al.15 
demonstrated 3D architectures that enabled improvement in cell orientation and neurogenesis of hMSC 
compared to unpatterned surfaces. In addition, Huck et al.16 revealed 3D microniches with different volume 
had a significant influence on the focal adhesions, cell contractility, and YAP localization. Therefore, it 
would be fascinating to couple topography with 3D microniches to create 3D environments.  
 

 
Figure 1. Cells live in 2D and 3D microenvironments. 

 
 
The necessity of identifying the mechanisms that are mediated by topography 
In chapter 3&6&7, we found the enhanced osteogenic differentiation resulted from higher expression of 
vinculin, more formation of FAs, higher cell contractility, and more YAP translocated into the nucleus, 
indicating that the RhoA/ROCK pathway is involved in this process. Ushida et al.17 and Furukawa et al.18 
have demonstrated the intracellular mechanism of topography stimulated the enhanced FAs and prompted 
cytoskeletal tension was mediated by focal adhesion kinase (FAK), RhoA-ROCK signal pathway and myosin. 
Furthermore, many researchers have shown higher percentage of cells with nucleus translocation of YAP 
facilitates osteogenesis19–21. Therefore, our findings are in good agreement with their results. However, 
previous studies have also explained other possible pathways mediating osteogenic differentiation, for 
instance, the mitogen-activated protein kinase (MAPK) pathway22, FAK/MAPK and integrin linked 
kinase/β-Catenin pathways23, extracellular signal-regulated kinase 1/2 (ERK1/2) pathway24. Therefore, 
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further investigations are necessary to completely identify the mechanisms for osteogenesis enhanced by 
topography. 
In addition, we demonstrated that cell morphology is not an appropriate indicator for stem cell 
differentiation (Chapter 3), and different intracellular pathways may be activated even though similar 
morphologies are induced. Higher is not always better, and the optimum cell morphology or aspect ratio 
greatly depend on the aimed tissue. Mrksich et al.25 showed that cells grown onto rectangles with increasing 
aspect ratio (1, 1.5 and 4), exhibited different capacity for osteogenesis and adipogenesis. Adipogenesis 
decreased with increasing aspect ratio, while osteogenesis showed an inverse trend. Ding and co-workers26 
prepared different cell aspect ratios (1, 1.5, 2, 4, 8 and 16) on patterned surfaces, and the optimum ratio for 
adipogenesis was 1, and the optimal ratio for osteogenesis was 2. However, cell volume is always overlooked 
during this process. Researchers have shown cell volume plays an important role in directing stem cell 
fate27,28. Therefore, it is a good strategy to design microniches mentioned above with similar volume but 
different aspect ratios to further investigate the influence of aspect ratio on the fate commitment of stem 
cells. 
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The process of tissue development involves multipotent cells that interact with physical (topography and 
stiffness) and biochemical cues in their extracellular matrix (ECM) environment. The topography of the 
ECM can significantly influence stem cell responses from attachment, proliferation, and migration to 
stemness maintenance and differentiation into different lineage. In this thesis, we demonstrate not only the 
important role of topography in stem cell differentiation, but also identify the optimum parameters for the 
determination of the lineage-specific fate of MSCs via high-throughput screening (HTS). Furthermore, to 
better mimic the ECM, biochemical cues, e.g., cell-derived extracellular matrix, were prepared to investigate 
the synergistic influence of both on the fate commitment of stem cells. 

The microenvironment in which cells live is complicated and dynamic, consisting of various physical and 
biochemical factors. In Chapter 1, we introduce the main elements of the cell microenvironment comprising 
of straightforward contact between cells, biochemical cues, physical parameters (e.g., mechanical property, 
topography). 

In Chapter 2, we provide an in-depth view of the recent progress of 2D/3D HTS platforms in the principle, 
preparation, and their use in screening for materiobiology (e.g., cell proliferation, adhesion, differentiation). 
High-throughput analysis of materiobiology enables elucidation of the relationships between biomaterial 
properties and biological behavior, and thereby serves a potential tool for accelerating the development of 
high-performance biomaterials. 

In Chapter 3, we elucidate the relationship between cell aspect ratio (CAR), cell mechanical properties and 
osteogenic differentiation of stem cells. Intriguingly, an equal CAR elicited from different topographies, 
resulted in highly altered differentiation behavior and the underlying single cell mechanics is found to be 
critical. To the best of our knowledge, for the first time we demonstrate that the increase in the extent of 
osteogenic differentiation was not only influenced by the CAR, but rather by the mechanical properties of 
the cells. Furthermore, the enhanced formation of focal adhesion and higher percentage of nuclear 
localization of YAP are related with the varied mechanical properties of stem cells. Our study provides 
insight into how mechanical properties of the cell, controlled by topography, regulates the fate of hBM-
MSCs. These insights may help us to enhance the understanding of interactions between stem cells and 
topography substrates for developing applications of tissue engineering and regenerative medicine. 

In Chapter 4, we develop PDMS-based wrinkled topography gradients and decouple the wavelength and 
amplitude via imprinting lithography and shielded plasma oxidation. The PDMS wrinkle gradient is then 
integrated with the bottomless 96-well plate to constitute the wrinkled high-throughput screening platform, 
which consists of 70 different wrinkle parameters, to determine the optimum wrinkle parameter 
(wavelength: 1.91 μm; amplitude: 360 nm) for osteogenesis of hBM-MSCs. The platform with a broad 
topography spectrum is an elegant substrate for the investigation of topography directing fate commitment 
of stem cells. Also, this versatile platform employed herein that is usable by all with standard approaches 
and equipment provides a powerful strategy for improving the development of biomaterials for bone tissue 
engineering. 

In Chapter 5, via high-throughput screening (HTS) methods based on topography gradients, the optimum 
topography was determined and translated towards a hierarchical architecture designed to mimic the nerve 
nano/micro structure. To the best of our knowledge, this is the first time to systematically investigate neuron 
differentiation of stem cells in a high-throughput screening manner. Furthermore, the hierarchical features 
significantly enhanced neurogenesis of hBM-MSCs. Moreover, the stem cells on the hierarchical substrates 
exhibited a significantly lower percentage of nuclear YAP and weaker cell contractility indicating that the 
promoted neurogenesis is mediated by the cell tension and YAP pathway. This study has great potential in 
designing neuron-inductive materials and highlights the importance of the hierarchical structure for 
directing stem cells toward neurogenesis. 

In Chapter 6, inspired by the hierarchical architecture of collagen, most abundant structure in the ECM, a 
multiscale hierarchical topography is developed to mimic the collagen nano/micro hierarchical topography. 
It is found that the hierarchical topographies have a significant influence on the morphology, orientation, 
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and osteogenic differentiation of hBM-MSCs. Intriguingly, the substrate, resembling collagen 
topography/structure the most, exhibits the highest osteogenic differentiation capacity. We further 
demonstrate that the differences in cell response among triple scale substrate is regulated via the focal 
adhesion, cell tension and YAP signaling pathway. The developed multiscale hierarchical system provides 
insights into the importance of specific biological ECM-like topography by decoupling the biochemical 
influence. 

In Chapter 7, we prepare PDMS-based anisotropic wave-like topographies with different topography 
dimensions and subsequently combined with native ECM produced by human fibroblasts that remained 
onto the surface topography after decellularization, and further investigated the synergistic effect of cell- 
derived extracellular matrix (CDM) and topography on the osteogenesis of hBM-MSCs. We found that 
substrates with specific topography dimensions, coated with aligned CDM, dramatically enhanced the 
capacity of osteogenic differentiation. Furthermore, the hBM-MSCs on the substrates decorated with CDM 
exhibited a significantly higher percentage of nuclear YAP, stronger cell contractility, and more formation 
of focal adhesion, indicating that the promoted osteogenesis is partly mediated by the cell tension and YAP 
pathway. Our findings highlight the importance of ECM mediating the osteogenic differentiation of stem 
cells, and the combination of CDM and topography will be a powerful approach for material-driven 
osteogenesis. 

Overall, the work presented in this thesis demonstrates the importance of topography, which mimic the 
structure of ECM, and also biochemical cues (e.g., cell-derived extracellular matrix), for directing the cells 
toward various lineage, e.g., osteogenesis, neurogenesis. These evidences could provide more insight and 
useful tools to investigate the interaction between topography and stem cells, which could facilitate the 
development of tissue engineering and regenerative medicine. 
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Het proces van weefselontwikkeling betreft multipotente cellen die interacties hebben met fysische 
(topografie en stijfheid) en biochemische eigenschappen in hun extracellulaire matrix (ECM) omgeving. De 
topografie van het ECM kan significante invloed uitoefenen op het celgedrag, variërend van aanhechting, 
proliferatie, en migratie, tot het behouden van zogenoemde stamheid, en differentiatie naar verschillende 
cellijnen. Dit proefschrift beschrijft niet alleen de belangrijke rol van topografie in stamcel differentiatie, 
maar bevat ook de zoektocht naar de optimale parameters voor het bepalen van het cellijn-specifieke lot 
van MSCs, via een high-throughput screening (HTS) platform. Verder worden, om het ECM beter na te 
bootsten, biochemische signalen, zoals van cellen verkregen extracellulaire matrix, geprepareerd om de 
synergistische invloed van beide componenten op het lot van stam cellen te onderzoeken.  

De micro omgeving waarin cellen leven is complex en dynamisch, bestaande uit verscheidene fysische en 
biochemische factoren. In Hoofdstuk 1 introduceren we de hoofdelementen van de micro omgeving van 
de cel, bestaande uit simpelweg contact tussen cellen, biochemische signalen, fysische signalen (bijv. 
mechanische eigenschappen en topografie). 

In Hoofdstuk 2 beschrijven we in detail de recente progressie in de ontwikkelingen van 2D/3D HTS 
platforms, in hun principe, bereiding en hun screening voor ‘materiobiology’ (bijv. cel proliferatie, adhesie, 
en differentiatie). High-throughput analyse van ‘materiobiology’ maak het mogelijk om de relatie tussen 
biomateriaaleigenschappen en biologisch gedrag te ontrafelen, en dient hierbij als een potentieel hulpmiddel 
om de ontwikkeling van beter-presterende biomaterialen te versnellen.  

In Hoofdstuk 3 verklaren we de relatie tussen de cel aspect ratio (CAR), cel mechanische eigenschappen en 
osteogene differentiatie van stam cellen. Opvallend genoeg, resulteert eenzelfde CAR, gevonden op 
verschillende topografieën, in zeer divers differentiatie gedrag, waarbij de onderliggende, individuele 
celmechanismen een kritische rol spelen. Naar beste weten, hebben wij voor het eerst gedemonstreerd dat 
de graad van ostegene differentiatie niet alleen wordt beïnvloed door de CAR, maar juist meer gedicteerd 
wordt door de mechanische eigenschappen van de cellen. Verder zijn de versterkte vorming van focale 
adhesie complexen en het hogere percentage nucleaire lokalisatie van YAP gerelateerd aan de gevarieerde 
mechanische eigenschappen van de stam cellen. Deze studie biedt inzichten in hoe mechanische 
eigenschappen van de cel, gestuurd door topografie, het lot van hBM-MSCs reguleren. Deze inzichten 
kunnen helpen ons begrip van de interactie tussen cellen en topografie substraten te vergroten en 
toepassingen van ‘tissue engineering’ en ‘regenerative medicine’ te ontwikkelen. 

In Hoofdstuk 4 ontwikkelen we een op PDMS gebaseerde golf topografie gradiënt en koppelen de 
golflengte en amplitude los van elkaar, door middel van lithografie en afgeschermde plasma oxidatie. De 
PDMS golf gradiënt wordt daarna geïntegreerd met een bodemloze 96-wellsplaat om een golvende 
topografie HTS platform te creëren, welke uit 70 verschillende golf parameters bestaat, om de optimale golf 
parameters te bepalen (golflengte: 1.91 μm; amplitude: 360 nm) voor osteogenese van hBM-MSCs. Dit 
platform, met een breed topografie spectrum, is een elegant substraat wat kan dienen voor het onderzoeken 
van topografie-gemedieerd cel lot van stamcellen. Daarnaast, is het platform wat hier wordt gebruikt door 
iedereen, werkend met reguliere lab technieken, te gebruiken en vormt het een krachtige strategie voor de 
verdere ontwikkeling van biomaterialen voor botweefsel tissue-engineering. 

In Hoofdstuk 5, werkend met de op de topografie gradiënt gebaseerde HTS methode, is de optimale 
topografie bepaald en getransleerd naar hiërarchische structuren, zorgvuldig ontworpen om de nano/ micro 
structuur van zenuwen na te bootsen. Naar beste weten is dit de eerste keer dat neuron differentiatie van 
stam cellen systematisch is onderzocht, op een high-throughput screening manier. Verder, bleken de 
hiërarchische structuren de neurogenese van hBM-MSCs significant te bevorderen. Bovendien, vertoonden 
de stam cellen op de hiërarchische structuren een significant lager percentage nucleair gelokaliseerd YAP, 
alsmede zwakkere contractiliteit, wijzend op dat de bevorderde neurogenese wordt gemedieerd door 
celspanning en het YAP signaaltransductie pad. Deze studie heeft grote potentie in het ontwerpen van 
neuron-inducerende materialen en benadrukt het belang van hiërarchische structuren in het sturen van stam 
cellen naar neurogenese.  
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In Hoofdstuk 6, geïnspireerd door de hiërarchische structuur van collageen, de meest voorkomende 
structuur van het ECM, wordt de ontwikkeling beschreven van een multi-schaalgrootte, hiërarchische 
topografie, welke de nano/ micro hiërarchische topografie van collageen nabootst. Het blijkt dat de 
hiërarchische topografieën een significantie invloed uitoefenen op de morfologie, oriëntatie, en osteogene 
differentiatie van hBM-MSCs. Opmerkelijk genoeg, vertoonde het substraat dat het meest lijkt op de 
topografie/ structuur van collageen de beste osteogene differentiatie. Verder, demonstreren we hier dat de 
verschillen in cel gedrag gezien op drievoudige-schaal topografie wordt gereguleerd door de focale 
adhesiecomplexen, celspanning en het YAP signaaltransductie pad. Het hier ontwikkelde multi-
schaalgrootte hiërarchische structuur platform biedt inzichten in het belang van specifiek, biologisch EMC-
achtige topografieën, door het loskoppelen van biochemische invloeden.  

In Hoofdstuk 7 prepareren we PDMS-gebaseerde, anisotroop, golfachtige topografieën met verschillende 
topografie dimensies en, hierop volgend, combineren we dit met ECM geproduceerd door humane 
fibroblasten, wat op de oppervlaktetopografie achterbleef na decellularisatie. Hiermee onderzochten we de 
synergetische effecten van cel-afgeleide extracellulaire matrix (cell-derived ECM (CDM)) en topografie op 
de osteogenese van hBM-MSCs. We vonden dat substraten met specifieke topografie dimensies, gecoat met 
uitgelijnd CDM, de capaciteit van osteogene differentiatie drastisch verbeterde. Verder bevatten de hBM-
MSCs, welke zich op de CDM gecoate substraten bevonden, een significant hoger percentage nucleair 
gelokaliseerd YAP, sterkere cel contractiliteit, en vertoonden ze meer formatie van focale adhesies, wat erop 
wijst dat de verbeterde osteogenese deels wordt gemedieerd door de celspanning en het YAP 
signaaltransductie pad. Onze bevindingen benadrukken het belang van ECM-gemedieerde osteogene 
differentiatie van stam cellen, waarnaast de combinatie van CDM en topografie een krachtige strategie blijkt 
voor door materiaal gedreven osteogenese. 

Samengenomen, demonstreert het werk in dit proefschrift het belang van topografie, welke de structuur van 
het ECM nabootst, alsmede biochemische signalen (bijv. cel-afgeleide extracellulaire matrix), voor het sturen 
van cellen naar verscheidende cellijnen via, bijvoorbeeld, osteogenese en neurogenese. Deze bewijzen 
kunnen meer inzichten bieden en als nuttige hulpmiddelen dienen, voor het onderzoeken van de interactie 
tussen oppervlaktetopografie en stamcellen, welke de applicaties van tissue engineering en regenerative 
medicine kunnen faciliteren. 
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