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Summary 

Objective: Stem cell behaviors and lineage commitments are driven by the mechanical 

properties of substrate. The designing of substrate topographic surface to regulate stem cell 

behaviors is an attractive method to enhance their therapeutic potential. The aim of this study 

was to evaluate the influence of substrate topographic surface on the human bone marrow 

mesenchymal stem cell (hBMSC) differentiation and to investigate the underlying mechanism. 

Methods: Synthetic polymers were fabricated into inserts that fit the standard 24-well tissue 

culture plate via injection molding. Three molds with different roughness surface were utilized 

to manufacture the inserts with different topographic surfaces. Polycarbonate (PC) inserts were 

selected for hBMSCs cultivation. The cell compatibility of PC was evaluated by comparing the 

behaviors of hBMSCs on PC, polystyrene (PS) and TCP surface. Then, hBMSCs were cultured 

on PC inserts with three kinds of topographic surfaces, and the osteogenic and adipogenic 

differentiation levels were tested. For the study of the underlying mechanism, the contractility 

of cells that cultured on different topographic surfaces was evaluated. After that, the influence 

of cell contractility on nuclear deformation, mechanosensory factor nuclear translocation and 

the composition of nuclear lamina as well as the global histone modification level were 

investigated. Furthermore, ChIP-PCR method was used to analyze the enrichment of modified 

histone located on specific gene promoters. For the evaluation of stem cells behaviors on 3D 

topographic scaffold, gelatin was used to fabricate 3D architectured gelatin based hydrogel, 

and the behaviors of human adipose derived mesenchymal stem cells on the gelatin based 

hydrogel were evaluated. 

Results: PC presented a high cell compatibility for the cultivation of hBMSCs. Appropriate 

surface topographical cues promoted cell contractility. The surface topographical cues 

mediated cell contraction force transmitted to nucleus via linker of nucleoskeleton and 

cytoskeleton (LINC) complex proteins, which resulted in the cell nuclear deformation, 

enhanced the mechanosensor protein YAP nuclear translocation and elevated lamin A/C 

expression. Furthermore, the mechanical force propagated to the chromatin and led to changing 

of histone modification level as well as regulated the enrichment of H3K27me3 and H3K9ac 

located on the osteogenic differentiation related gene promoters, subsequently, promoted 

hBMSC osteogenic differentiation. The 3D architectured gelatin based hydrogel presented high 

cell compatibility for hADSC cultivation and differentiation.  
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Conclusion: Substrate physical properties play an important role in regulating stem cell 

behaviors. Appropriate surface topographical cues affect cell contractility. The surface 

topographical cues mediated cell contraction force results in nuclear deformation and 

influences chromatin status. Furthermore, the contraction force regulates the enrichment of 

modified histone located on the specific gene promoters, and then modulates stem cell 

behaviors and fate. 
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Zusammenfassung 

Ziel: Das Verhalten der Stammzellen und ihrer Herkunftsverpflichtungen werden von den 

mechanischen Eigenschaften des Substrates bestimmt. Die Gestaltung der topographischen 

Oberfläche des Substrats ist eine attraktive Methode, um ihr therapeutisches Potenzial zu 

erhöhen. Das Ziel dieser Studie war, den Einfluss der topographischen Oberfläche des 

Substrats auf die Differenzierung der menschliche Knochen-Mesenchym-Stammzelle 

(hBMSC) zu evaluieren und die zugrundeliegenden Mechanismen zu untersuchen. 

Methoden: Synthetische Polymere wurden als Einsätze präpariert, die durch Spritzgießen mit 

der Standard-Gewebekulturplatte mit 24 Vertiefungen zusammenpassen. Drei verschiedene 

topographische Marker wurden verwendet, um die Einsätze mit unterschiedlichen 

topographischen Oberflächen herzustellen. Für die Kultivierung der hBMSC wurden 

Polycarbonat (PC)- Einsätze ausgewählt. Die Zellkompatibilität von Polycarbonat wurde 

evaluiert, indem das Verhalten der hBMSC auf PC-, Polystyren- (PS-) und TCP-Oberflächen 

verglichen wurde. Daraufhin wurden hBMSC auf PC- Einsätze mit drei verschiedenen 

topographischen Oberflächen kultiviert und die osteogenen und adipogenen 

Differenzierungsstufen wurden getestet. Für das Studium der zugrundeliegenden 

Mechanismen wurde die Kontraktionsfähigkeit von Zellen evaluiert, die auf verschiedenen 

Oberflächen kultiviert wurden. Danach wurde der Einfluss der Zellkontraktionsfähigkeit auf 

Zellkern Deformation, Mechanosensor-Faktor Kerntranslokation und den Aufbau von nukleare 

Lamina untersucht, sowie auch auf das Niveau der globalen Histon-Modifikation. Darüber 

hinaus wurde die ChIP-PCR-Methode genutzt, um die Anreicherung von modifiziertem Histon 

auf spezifische Genpromotoren zu analysieren. Für die Evaluation des Stammzellenverhaltens 

auf Topographisches 3D Schafott wurde Gelatine zu einem gelatinebasierten Hydrogel mit 3D-

Architektur verarbeitet, und das Verhalten von aus menschlichem Fett stammenden 

mesenchymalen Stammzellen auf dem auf Gelatine basierenden Hydrogel wurde bewertet. 

Ergebnisse: PC zeigte eine hohe Zellkompatibilität für die Kultivierung von hBMSC. 

Angemessene Oberflächentopographische Hinweise förderten die Zellkontraktionsfähigkeit. 

Die Oberflächentopographische Hinweise übermittelten die Zellkontraktionskraft, die über 

Linker von Nukleoskelett und Zytoskelett (LINC) komplexe Proteine auf den Kern übertragen 

wurde, was zur Zellkern Verformung, der Verbesserung der Kern Translokation des 

mechanosensorischen Proteins YAP sowie erhöhter lamin A / C Ausdruck führte. 
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Darüber hinaus führte die mechanische Kraft, die sich zum Chromatin ausbreitete und zu einer 

Änderung des Histonmodifikationsgrades führte, sowie zur Regulierung der Anreicherung von 

H3K27me3 und H3K9ac, die sich auf den osteogenetischen Differenzierungs-Genpromotoren 

befanden, in der Folge zur Förderung der osteogenetischen hBMSC-Differenzierung. Das auf 

3D-Gelatine basierende Hydrogel zeigte eine hohe Zellkompatibilität für die Kultivierung und 

Differenzierung von hADSC. 

Fazit: Die physikalischen Eigenschaften des Substrats spielen bei der Regulierung des 

Stammzellenverhaltens eine wichtige Rolle. Geeignete Oberflächen Topographische Hinweise 

beeinflussen die Kontraktionsfähigkeit der Zelle. Die durch den Oberflächen Topographische 

Hinweise übertragene Zellkontraktionskraft resultiert in der Deformation des Zellkerns und 

beeinflusst den Zustand des Chromatins. Darüber hinaus reguliert die Kontraktionskraft die 

Anreicherung modifizierter Histon auf den spezifischen Genpromotor und ändert damit 

Stammzellverhalten und Schicksal. 
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1. Introduction  

1.1 Mesenchymal stem cells 

Mesenchymal stem cells (MSCs) are multipotent, non-hematopoietic stromal cells that exist in 

adult tissues of different sources, including bone marrow, adipose tissue, peripheral blood 

amniotic membrane, dental tissues, endometrium, limb bud, menstrual blood, placenta and fetal 

membrane, salivary gland, skin and foreskin, sub-amniotic umbilical cord lining membrane 

and synovial fluid[1]. MSCs are capable of differentiating into various mesenchymal lineages 

in vitro, including bone, muscle, cartilage and fat, as well as forming cells to other germ layers, 

such as keratinocytes and neuron-like cells [2, 3]. In addition to the multilineage differentiation 

potential, MSCs have high self-renewal potential. Long cell culture experiments had found that 

MSCs could show up to 50 population doublings (PDs) in 10 weeks in vitro[4], but the long-

term cultivation of MSCs resulted in the decline of their multipotency [5]. Immunomodulatory 

capability is another important function of MSCs. Transplantation of MSCs would not result 

in substantial alloreactivity, which reduces the lysis of  MSCs by natural killer (NK) cells in 

the body [6] and MSCs could regulate NK cells and cytotoxic T cells functions by different 

pathways [7, 8]. Due to the high self-renewal capacity, multilineage differentiation potential, 

immunoregulatory effects, easily accessibility, as well as fewer ethical issues compare with 

embryonic stem cell, MSCs are considered a promising cell source for cell therapy. Currently, 

MSCs have been used to treat some diseases such as bone and cartilage diseases, cardiovascular 

diseases, autoimmune diseases, chronic and acute graft versus host disease, liver diseases, 

cancer, crohn disease and multiple sclerosis [9, 10]. 

1.2 Biomaterials for stem cells 

Biomaterial by definition is a substance, synthetic or natural, that can be used as a system or 

part of a system that treats, augments, or replaces any tissue, organ, or function of the body 

[11]. Ideally, biomaterials should perform similar structural, physical and biochemical 

functions to the natural extracellular matrix (ECM), which provides suitable and effective 

physical and chemical signals for the supporting of stem cell proliferation, migration, secretion 

and differentiation. Biomaterials need to meet some requirements such as biocompatibility, 

biofunctionality, biodegradation, non-toxicity and suitable mechanical properties [11]. 

Biomaterials can be divided into natural biomaterials (such as agarose, collagen, alginate, 

chitosan, hyaluronate, and fibrin) and synthetic biomaterials (such as Poly(lactic acid) (PLA), 

poly(ethylene) (PE), polyurethanes (PUR), Poly(ε-caprolactone) (PCL), poly(glycolide) (PGA) 
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and hydroxyapatite (HA) as well as tri-calcium phosphate (TCP)) [12-14].  These biomaterials 

are engineered to cause desirable cellular interaction materials, which are named scaffolds. 

Stem cells are often seeded on the scaffolds for the supporting the defected tissue reparation or 

new tissue formation. To provide better microenvironments for the stem cell attachment, 

growth and differentiation, the scaffolds are fabricated into porous network structures that 

mimic the extracellular matrix of the native tissue. The porous structure of scaffolds could 

provide space for cell adhesion, migration and proliferation, and facilitating the transport of 

oxygen and nutrients as well as the elimination of cellular metabolic. 

1.3 Substrate surface chemical properties control stem cell behaviors and fate  

MSCs are typical adherent cells, which are able to grow and differentiate only when the cells 

adhere to substrates.  Since MSCs do not directly respond to the substrate surface instead of 

interacting with the protein adsorbed onto the surface [15], the protein composition, orientation 

as well as conformation influence cell-surface interactions and regulate many signaling 

pathways, which control MSC proliferation, migration, secretion and differentiation. The 

protein adsorption on the surface was regulated by surface physical and chemical properties 

such as wettability, charge and chemical functional groups. It is well known that the surface 

wettability is a key factor in regulating proteins (peptides) absorption and modulating cell 

behaviors [16, 17]. On hydrophobic surface, more hydrophobic parts of protein will stick to 

the surface, which would decrease the interaction of these parts with the aqueous phase, and 

the protein would denature due to the rearrangements of protein structure [18]. In a recent study 

it was found that the hydrophobicity of surface regulated the protein deformation and formation 

of nano-topography on the surface, which further regulated MSCs differentiation [19].  Proteins 

do not stick to completely hydrophobic surface, so cells cannot attach to the surface. A previous 

study found that the best wettability of a surface for cell adhesion was water contact angle in 

the range between 57° to 65°; however, once the surface contact angle was higher than 97° or 

lower than 48°, cell adhesion would decrease [20]. In addition to the surface wettability, the 

surface charge plays another key role in regulating protein adsorption. The surface charge 

influences protein adsorption thermodynamics, kinetic, conformation as well as desorption 

kinetics [21], which further influence stem cell behaviors. The different chemical groups’ 

functionalities not only influence surface wettability and charge property but also directly 

regulate stem cell behaviors. Amino (−NH2) surface could improve stem cell adhesion, 

proliferation and enhanced the stem cell osteogenic differentiation potential, and the surfaces 
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with modified by hydroxyl (−OH), carboxyl (−COOH), or methyl (−CH3) preferred to maintain 

the mesenchymal stem cell-like phenotype [22].  

1.4 Substrate surface physical cues affect stem cell behaviors and fate  

In addition to the surface chemical properties, the physical microenvironment cues presented 

by substrates are important factors to regulate stem cell behavior and functions. The physical 

microenvironment cues include substrate stiffness, mechanical strain of substrate as well as 

topography of the substrate surface. The stiffness of substrate, which matched the stiffness of 

native tissue, could guide stem cell differentiation down corresponding tissue lineages. For 

example, the soft substrate (0.1-1.0 KPa) mimicking the brain tissue induced MSC neurogenic 

differentiation, stiffer substrate (8-17 KPa) similar to muscle stimulate MSC myogenesis and 

the rigid substrate (25-40 KPa) that similar to the bone stiffness enhance MSCs osteogenic 

differentiation[23]. The substrate surface topography plays an important role in regulating 

various stem cell behaviors (chapter I, Table 1) as well. Long-term (8 weeks) cultivation of 

MSCs cultured on nanoscale substrate could maintain MSC multipotency [24]. Micro grooves 

surface and aligned fibers scaffold can promote the stem cell adipogenic, myogenic and 

neuronal differentiation [25, 26], and MSCs on the square micro pattern surface had higher 

osteogenic differentiation level compared with MSCs on round micro pattern surface[27]. The 

roughness of surface also could regulate stem cell behaviors like cell adhesion, migration, 

proliferation, secretion and differentiation [28-31]. Surface roughness provides osteoblasts and 

mesenchymal stem cells (MSCs) with structural cues to promote tissue regeneration and new 

bone formation [32, 33]. However, on different substrate the range of roughness that regulated 

stem cell osteogenic differentiation was different. On the poly(ε-caprolactone) surface with 

gradient roughness, the result indicated surface roughness with an average roughness (Ra) of 

2.1-3.1 µm and a mean distance between peaks (RSm) of 48.1-71.1 µm accentuated the 

osteogenic differentiation of hBMSCs [34], on the hydroxyapatite substrate, the rough surface 

with Ra closed to 1 µm enhances MSCs osteogenic differentiation [35]. The discrepancy may 

be caused by the different substrates used in these experiments. 
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Fig.1 Schematic of substrate properties regulating cell contractility, and then influence stem 

cell fate.  FAK, focal adhesion kinase; Src, Rous sarcoma oncogene cellular homolog; Ras, Ras 

small GTPases; Raf, Raf serine/threonine-protein kinase; MAPK, mitogen-activated protein 

kinases; ERK, extracellular signal-regulated kinases; MEK, MAPK/ERK kinase; MLCK, 

myosin light-chain kinase; MLC, myosin light chain; Rho, Rho guanine nucleotide exchange 

factors; ROCK, Rho-associated kinase; YAP, Yes-associated protein; TAZ, transcriptional 

coactivator with PDZ-binding motif; Runx2, Runt-related transcription factor 2; PPARγ, 

peroxisome proliferator-activated receptor γ. 
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Table 1: Example of studies, topography influenced the stem cell behaviors and fate 

Substrates 
Cell 

source 
Topographical feature Highlights Ref. 

Si rANSCs Linear micro-pattern (LMP), circular micro-pattern (CMP) 

and dot micro-pattern (DMP) 

LMP and CMP both significantly enhance ANSC differentiation to 

neurons 

[36] 

PDMS hBMSCs Micro-pattern (rectangles, Flower and Star Shapes) Geometric features that increased actomyosin contractility promote 

osteogenesis 

[27] 

PLLA rMSCs Randomly and oriented PLLA fiber scaffold Aligned substrate enhanced tenogenic differentiation, randomly-

oriented fiber scaffolds enhanced osteogenic differentiation 

[37] 

PMMA hBMSCs Nanoscale ordered disorder pits  Nanoscale disorder pits stimulate MSCs osteogenic differentiation [38] 

PTMC hBMSCs Convex and concave spherical structures with diameters 

ranging from 250 µm to 750 µm 

Convex surfaces (diameters 250 µm) promote osteogenic 

differentiation. 

[39] 

Alumina ceramics  hMSCs Grooves (Ridge: 0-180 μm and Groove: 0-180 μm) Enhanced the adhesion and osteogenesis. [40] 

HA hBMSCs Roughness  (Ra form 0.2 μm to 1.65 μm) MSCs on rough surface (Ra form 0.77 μm to 1.09 μm) showed 

strongest osteogenic differentiation. 

[35] 

PCL hBMSCs Roughness (Ra: 0.5–4.7 μm, and RSm 214 μm - 33 μm) Rough surface with Ra ∼ 0.93 μm/RSm ∼ 135 μm enhanced hBMSCs 

osteogenic differentiation. 

[41] 

PLLA rESCs Electrospun PLLA scaffolds Enhanced cell proliferation rate and promoted the production of nerve 

growth factor (NGF) and endothelial growth factor (VEGF)  

[42] 

PS 

 

hADSCs Square-shaped or round-shaped microwells Square-shaped microwells promotes the proliferation and osteogenic 

differentiation compared with the round-shaped microwells. 

[43] 

rANSCs: Rat adult neural stem cells; hBMSCs: human bone marrow mesenchymal stem cells;rESCs: Rat Embryonic Stem Cells; hADSCs: human 

adipose-derived mesenchymal stem cells 

PDMS: polydimethylsiloxane; PLLA: poly (l-lactic acid); PMMA: Polymethyl methacrylate; PTMC: poly (trimethylene carbonate); HA: 

Hydroxyapatite; PCL: polycaprolactone; PS: polystyrene  
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1.5 The mechanism of topographic surface influence stem cell behaviors 

Accumulating evidences from the interaction studies of surface properties and stem cell 

behaviors showed that substrate stiffness and topography had similar manners of influencing 

stem cell focal adhesion assembly and organization via mediation of binding and clustering of 

integrins [44].  The soft substrate, compared to stiff substrate, can enhance the integrin β1 

activation and internalization [45], which further influences the focal adhesion assembly and 

organization. Nanoscale substrate surface regulates focal adhesion assembly and organization 

via modulating the spatial of protein adsorption on the surface [46]. Also, stem cells on the 

microscale topographic surfaces can sense the radii of local curvature, which activates the cell 

membrane integrin, further regulating focal adhesion formation and organization [31]. As a 

vital cell membrane receptors, integrin, when activated further results in downstream focal 

adhesion kinase (FAK)/extracellular regulated protein kinases (ERK) and Rho/ Rho-associated 

protein kinase (ROCK) pathways activation and leads to cytoskeletal actin (F-actin) 

polymerization and myosin light chain (MLC) activation [47]. The F-actin polymerization and 

MLC activation are regulated by the expression of the small GTPase RhoA and its downstream 

effectors Rho-associated protein kinase (ROCK) [48]. In addition, Khatiwala [49] had 

demonstrated the RhoA-ROCK pathway affects the MAPK pathway(Ras-Raf-MEK-ERK), the 

level MEK expression, and the ERK-MAPK pathway could activate the phosphorylation of 

RNUX2 which is a gene of bone related transcription factor and essential for the stem cell 

osteogenic differentiation[50].  

Cell cytoskeleton networks connect to the nucleus by linker of nucleoskeleton and cytoskeleton 

(LINC) complex proteins that are constituted by nesprins, SUN and lamin proteins, thereby the 

nucleus can feel the cell contraction force that is mediated by the substrate physical properties 

[51]. The mechanical force applied on the cell nucleus that resulted in the cell nuclear 

deformation, specifically, altered the nuclei aspect ratio [52]. The effect of increase of cell 

cytoskeleton tension not only influences the shape of the nuclei but also leads the structural 

reorganization and condensation of the nucleus. Werner and colleagues indicated the local 

curvature of surface topography mediated cell contraction force increasing, which led to the 

nuclear deformation and increasing of the lamin-A expression to resist the contraction force 

[53]. In addition, the increased contraction force can enhance the nuclear transcription factor 

YAP/ TAZ nuclear translocation [49, 50]. The schematic of substrate properties regulate cell 

contractility and YAP nuclear translocation was showed in Fig. 1 (chapter I). 
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The inner nuclear membrane encases the genome. The mechanical force applied on nucleus 

could propagate into nucleus and in consequence influence chromatin organization and 

accessibility of gene transcription. Mechanical force as a potent regulator could guide stem cell 

behaviors via regulating epigenetic status. The external mechanical force applied on stem cell 

led to the enhancement of H3K27me3 expression and then affected the stem cell lineage [54]. 

In addition, the internal force that was generated by the actomyosin also regulated the 

methylation and acetylation of H3, and further influenced gene reprogramming, thereby 

regulating the cell fate and function [55]. The epigenetic status and lineage commitments of 

stem cells can be regulated by the substrate topography mediated mechanical force. However, 

how the substrate surface physical cues regulate stem cell epigenetic status, and how the 

changed epigenetic status control the specific genes expression and subsequently regulate stem 

cell lineage commitments are still unknown.  

2. Motivation 

Stem cell behaviors and lineage commitments are driven by the surface topographical cues of 

substrate. It is necessary to explore the underlying mechanism how material surface topography 

affects stem cell fate. A better understanding of the mechanism would give us new insight into 

designing and developing biomedical devices. The aim of this thesis is to study the mechanism 

of surface topographical cues influencing hBMSCs differentiation. 

The specific aims were: 

1) To find a suitable material for the hBMSC cultivation in vitro, and evaluate the influence of 

material surface properties on cell behaviors. 

2) To investigate the influence of substrate surface topographical cues on hBMSC 

differentiation and further explore the mechanism. 

3) To evaluate the influence of the 3D scaffold physical properties and microstructure on MSCs 

behaviors. 

3. Hypothesis  

1) PC is a suitable substrate for the cultivation of hBMSCs without further modification. 

2) The substrate surface topographical cues influence hBMSC differentiation via a mechanism 

of regulating cell contraction force modulating histone modification. The hBMSCs on the 
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topographic surfaces could sense the surface topographical cues and transfer the physical signal 

to biological signals, which further led to the increasing cell contraction force. The increased 

cell contraction force resulted in nuclear deformation and changing of histone modification 

level, consequently, modulating the stem cells differentiation lineages. 

3) The 3D architecture gelatin based hydrogel (ArcGel) has high cell compatibility for hADSC 

adhesion, proliferation and differentiation, and a great potential for the usage of adipose tissue 

regeneration. 

4. Strategy  

1)  To evaluate the influence of substrate surface chemical properties on hBMSC behaviors, 

polycarbonate (PC) and polystyrene (PS) were selected as materials for evaluation of cell 

behaviors. Polycarbonate (PC) and polystyrene (PS) were fabricated to the standard 24-well 

tissue culture fitting inserts via injection molding. The PC inserts were applied for hBMSCs 

cultivation, and the PS inserts without surface modification and PS based tissue culture plate 

(TCP) were used as the negative and positive reference materials, respectively. The behaviors 

of cell adhesion and cell morphology on different substrates were evaluated by 

immunofluorescence staining. The senescence levels and of hBMSCs on different surfaces 

were measured by senescence assay kit. The paracrine factors secreted by hBMSCs on different 

materials were quantified using a Bio-Plex® 200 system. Finally, the differentiation potential 

of hBMSCs on PC, PS and TCP were characterized by staining. 

2) To verify the hypothesis of how substrate topographic surface influences hBMSCs 

differentiation, PC inserts with three kinds of topography surfaces were fabricated. A smooth 

surface (sPC) was used here as a control. A surface (mPC) with the value of profile roughness 

parameter (average peak spacing: RSm) comparable to hBMSC dimension (~ 100 μm in 

adhesion), while a surface (hPC) with 2.5D topography, and the value of RSm was similar to 

the pore size of spongy bone.  hBMSCs were cultured on the PC inserts with different 

topographic surfaces. The biological effects of topographical cues on the hBMSC 

differentiation were evaluated by measuring the expression levels of osteogenic and adipogenic 

differentiation marker proteins. To explore the underlying mechanism of topographical cues 

regulating stem cell differentiation, the cell contractility of MSCs on different topographic 

surfaces was tested by cell contraction assay kit. Furthermore, the influence of cell contractility 

on cell nuclear deformation and histone modification were evaluated through the analysis of 

immunostaining images, western blot, flow cytometry and ChIP-PCR. 
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3) To investigate the influence of 3D scaffold physical properties and microstructure on MSCs 

behaviors, 3D architecture gelatin based hydrogel (ArcGel) was prepared and hADSCs were 

seeded on the ArcGel. The hADSCs proliferation were tested by CCK-8 Kit, and the migration 

of cells were characterized through immunostaining and laser confocal microscopy at different 

time points.  The apoptosis level of hADSCs on the ArcGel  was measured by Caspase-Glo @ 

Kit.  Finally, to evaluate the potential of ArcGel for the usage of adipose tissue regeneration, 

the potential for ArcGel maintaining the adipogenesis of hADSCs were evaluated by ELISA 

kit.  
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Abstract 

Polycarbonate (PC) substrate is well suited for culturing human mesenchymal stem cells 

(MSCs) with high proliferation rate, low cell apoptosis rate and negligible cytotoxic effects. 

However, little is known about the influence of PC on MSC activity including senescence, 

differentiation and secretion. In this study, the PC cell culture insert was applied for human 

MSC culture and was compared with polystyrene (PS) and standard tissue culture plate (TCP). 

The results showed that MSCs were able to adhere on PC surface, exhibiting a spindle-shaped 

morphology. The size and distribution of focal adhesions of MSCs were similar on PC and 

TCP. The senescence level of MSCs on PC was comparable to that on TCP, but was 

significantly lower than that on PS. MSCs on PC were capable of self-renewal and 

differentiation into multiple cell lineages, including osteogenic and adipogenic lineages. MSCs 

cultured on PC secreted a higher level inflammatory cytokines and pro-angiogenic factors 

including FGF2 and VEGF. Conclusively, PC represents a promising cell culture material for 

human MSCs.  

Key words: polycarbonate, human mesenchymal stem cells, differentiation, cytokine secretion, 

senescence  
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1. Introduction 

Mesenchymal stem cells (MSCs) attracted interest because of their promising therapeutic 

potential in regenerative medicine due to their self-renewal, multi-lineages differentiation 

potential and the secretion of a variety of functional cytokines [1, 2]. MSCs can be obtained 

from different tissues, such as bone marrow, adipose tissue and umbilical cord tissue [3, 4]. 

However, the quantity of MSCs that separated from those tissues can not satisfy the needs of 

clinic cell therapy (10–400 million MSCs per treatment) [5]. Therefore, the isolated MSCs need 

to be expanded in vitro before implantation. It has been shown that MSCs are very sensitive to 

the substrate properties such as the extracellular matrix (ECM) stiffness [6], surface topography 

[7] and chemical property of the culture surface [8]. The functions and behavior of MSCs can 

be influenced during the period of cell expansion in vitro [9]. 

Polycarbonate (PC) has technological significance in life science applications, such as 

intravenous connection components or cell culture devices [10, 11]. Favorable properties of 

PC include the high light transmittance, impact toughness, dimensional stability, creep 

resistance and thermoplastic process ability [12]. In addition, PC can be sterilized by a variety 

of methods including ethylene oxide (EtO), irradiation and steam autoclaving. As cell culture 

devices, PC exhibited excellent cell compatibility, favoring cell adhesion and proliferation [13]. 

However, there are few reports about the influence of PC on the most important behaviors of 

MSCs such as senescence, differentiation and secretion. 

The aim of this study was to evaluate the cellular response of human bone marrow 

mesenchymal stem cells (hBMSCs) to PC. The PC inserts were applied for hBMSC cultivation 

without further modification. In parallel, the commercial polystyrene-based tissue culture plate 

(TCP) with surface modification for adherent cells and the polystyrene (PS) inserts without 

surface modification were used as the positive and negative reference materials, respectively. 

The cell adhesion, morphology, senescence, cytokine secretion, and differentiation of hBMSCs 

on PC, PS and TCP were compared.  

2. Materials and methods 

2.1 Materials for cell culture 

The polycarbonate (PC, trade name Makrolon® 2805, Bayer, Germany) and polystyrene (PS, 

Type 158K, BASF, Germany) cell culture inserts were fabricated via injection molding [14]. 

The surfaces of PS and PC inserts showed the similarity in both mechanical properties and 

surface profile, as reported previously [13]. The Young’s modulus of PC and PS was 13 ± 2 
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and 16 ± 4 GPa respectively, as measured with AFM indentation. Profilometry analysis at an 

area of 7 × 7 mm2 indicated that the bottom roughness of the inserts is at a similar level (root 

mean square roughness (Rq) = 0.12 ± 0.04 µm for PS and 0.34 ± 0.13 µm for PC). In addition, 

the PS and PC presented comparable surface wettability (water advancing contact angle 85 ± 

8◦ for PC and 99 ± 5◦ for PS), as determined via water contact angle measurement using the 

captive bubble method [13]. Prior to cell culture, the PC and PS inserts were sterilized via gas 

sterilization (gas phase: 10% (v/v) ethylene oxide, 54 ◦C, 65% relative humidity, 1.7 bar, 3 

hours of gas exposure time and 21 hours of aeration phase). In addition, the tissue culture plate 

(TCP, Coring, New York, USA) was used in this study as a positive control material.  

2.2 Human bone marrow mesenchymal stem cells (hBMSCs) 

The hBMSCs were purchased from Merck Millipore (SCC034, Merk Millipore, Darmstadt, 

Germany). The cells were maintained in MesenPRO RS™ growth medium (ThermoFisher 

Scientific, Waltham, USA), in a humidified atmosphere containing 5% (v/v) CO2. The medium 

was changed in every 3 days. For hBMSC phenotype characterization, the cells were harvested 

and stained with a Human MSC Analysis Kit (StemflowTM, BD Biosciences, Heidelberg, 

Germany) according to the manufacturer's instruction. A flow cytometer (MACSQuant®, 

Miltenyi Biotec, Bergisch Gladbach, Germany) was used to analyze the cells and the data was 

processed using Flowjo software (Tree Star Inc., Ashland OR, USA). 

2.3 Immunostaining  

Cells were fixed with 4% (w/v) paraformaldehyde (Sigma–Aldrich, St. Louis, MO USA) and 

permeabilized with 0.1% (v/v) Triton X-100 (Sigma–Aldrich, St. Louis, MO, USA), then 

blocked with 3% (w/v) BSA buffer. Vinculin was stained with mouse anti-human vinculin 

monoclonal antibody (Merck Millipore, Darmstadt, Germany) and Alexa Fluor® 488 labeled 

IgG antibody (Life Technologies, Darmstadt, Germany). F-actin was stained with ActinRed™ 

555 (Life Technologies, Darmstadt, Germany). After washing, the cells were visualized with a 

confocal laser scanning microscope (LSM 780 META, Carl Zeiss, Jena Germany). 

2.4 Senescence assay 

The senescence-associated β-galactosidase activity of hBMSCs cultured on different materials 

was quantified using a cellular senescence assay kit (Cell Biolabs, Inc., San Diego, CA, USA) 

according to the manual introduction at different time points (day 1, 8, 15 and 22). The 

concentration of the total protein in the cell extraction was determined using a BCA protein 
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assay kit (Thermo Fisher Scientific, Bonn, Germany). The cellular senescence level was 

expressed as the fluorescent intensity normalized with the amount of total protein. 

2.5 Secretion assay 

The cytokines in the conditioned medium and the cell number were quantified at day 4, 7, 10, 

13, 16 and 19. The cytokines in the conditioned medium were quantified using a Bio-Plex® 

200 system (BioRad, Munich, Germany) according to the manufacturer’s instructions. The cell 

numbers at different time points were determined using a Cell Counting Kit-8 (CCK-8, Dojindo 

Molecular Technologies, Munich, Germany) as described before [13]. To evaluate the activity 

of cell secretion, the cytokine amount was normalized with the cell number. 

2.6 Differentiation assay 

For the differentiation study, the hBMSCs were cultured in osteogenic (StemPro Osteogenesis 

differentiation kit) and adipogenic (StemPro Adipogenesis differentiation kit) induction media, 

respectively. The induction media were changed in every 3 days. To evaluate the adipogenic 

differentiation, the cells were cultured in adipogenic induction medium for 14 days. Then the 

cells were fixed with 4% (w/v) paraformaldehyde and permeabilized with 0.1%  (v/v)Triton 

X-100 solution. After blocking with 3% (w/v) BSA, staining was performed using rabbit anti-

human FABP-4 monoclonal antibody (Merck Millipore, Darmstadt, Germany) and Alexa 

Fluor® 488 labeled IgG antibodies (Life Technologies, Darmstadt, Germany). Cell nuclei were 

stained with SYTOX Green Nucleic Acid Stain (Life Technologies, Darmstadt, Germany). The 

stained samples were scanned with a confocal laser scanning microscope (LSM 780, Carl Zeiss, 

Jena, Germany). Osteogenic differentiation was evaluated after culturing the cells in osteogenic 

induction medium for 21 days. The cells were fixed with 4% (w/v) paraformaldehyde, and 

Alizarin red S (Sigma–Aldrich, St. Louis, MO, USA) staining was performed to detect the 

mineral deposition.  

2.7 Statistics 

The number of replication for quantitative experiments was three as indicated in figure legend, 

and the data were expressed as mean ± standard deviation (SD). Statistical analysis was 

performed using two-tailed independent samples t-test, and a significant level (Sig.) < 0.05 was 

considered to be statistically significant. 

3. Results  

3.1 hBMSC phenotype  
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To analyze the phenotype of the cells, the cell morphology and surface markers were 

characterized. The cells presented the typical MSC’s spindle-shaped morphology (Fig. 1A). 

Furthermore, the cell surface markers were analyzed with flow cytometry. The results indicated 

that the typical MSC markers (CD44, CD73, CD90 and CD105) were well preserved in the 

cells and the non-MSC markers (CD45, CD34, CD11b, CD19 and HLA-DR) were not detected 

(Fig. 1 B- F). 

 

Fig. 1 Characterization of hBMSCs. A: The image of hBMSCs growing on TCP. B, C, D, and 

E: characterization of MSC phenotypic markers (CD44, CD90, CD105 and CD73). F: 

characterization of non-MSC markers (CD45, CD34, CD11b, CD19 and HLA-DR). 

3.2 Immunostaining of focal adhesion complex 

To study the cell-material interaction, the formation of focal adhesions (FAs) was examined by 

immunofluorescent staining of vinculin and F-actin (Fig. 2). As hBMSCs were difficult to 

attach and spread on PS surface, the FA formation of cells on PC and TCP surfaces were 

characterized. After 4 days of cultivation in growth medium, the cells spread out on the PC and 

TCP. The F-actin cytoskeleton organization and FA complex formation were similar in cells 

growing on PC and TCP.  
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Fig. 2 Representative laser scanning microscopic images of hBMSCs cultured on PC and TCP 

for 4 days. F-actin (red) and vinculin (green) were fluorescently stained. (bar = 20 µm) 

3.3 Senescence of hBMSCs 

The influence of culture materials on hBMSC senescence level was evaluated by measuring 

the activity of senescence-associated β-galactosidase (SA-β-gal). The results indicated that in 

the early stage (day 1) the senescence level of hBMSCs on TCP surface was significantly 

higher than that on PS. With the elongation of cultivation, the senescence level increased on 

all of the tested surfaces. The senescence level of cells on PS was higher than that on PC and 

TCP at day 8 and day 22. There was no significant difference of the senescence level between 

the cells cultured on PC and TCP (Fig. 3). 

 

Fig. 3 The senescence level of hBMSCs cultured on different materials at the indicated time 

points. (n = 3; *Sig < 0.05) 

3.4 Cytokine secretion 
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To analyze the paracrine factors secreted by hBMSCs on different materials, the conditioned 

media of hBMSC cultures were collected and the factors were quantified (Fig. 4). The paracrine 

factors secretion level of cells on PS is higher than that on TCP and PC. In the early stage (day 

4) the cells on PC showed a higher secretion level than the cells on TCP except for the MCAF 

secretion. Compared to TCP, the cells on PC secreted the higher level of inflammatory 

cytokines such as IL-6, IL-17, IFN-γ and TNF-α as well as pro-angiogenic factors including 

FGF2 and VEGF. 

 

Fig. 4 The heatmap showed the fold change (compared to TCP) of protein secretion over time 

by hBMSCs seeded on different materials. 

3.4 Differentiation of hBMSCs 

The osteogenic and adipogenic differentiation of hBMSCs on different materials were 

examined by Alizarin Red S (ARS) staining and FABP-4 immunostaining, respectively. The 

results indicated that hBMSCs did not differentiate in the non-induced medium on all of the 

tested surfaces (Fig. 5). When cultured in osteogenic induction medium, the cells could 

differentiate into osteoblasts (Fig. 5A). In addition, the immunofluorescence staining of FABP-

4 indicated that the hBMSCs could be induced for adipogenic differentiation when adipogenic 

induction medium was applied (Fig. 5B).  
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Fig. 5 Differentiation of hBMSCs. A: The representative images of alizarin red S (ARS) 

staining for characterization of hBMSC osteogenic differentiation on different materials (bar = 

100 µm). B: The representative laser scanning microscopic images of FABP-4 immunostaining 

for characterization of hBMSC adipogenic differentiation (red: FABP-4; blue: nuclei; bar = 

100 µm). 

4. Discussion 

The cell behavior can be regulated by substrate properties such as the surface free energy, the 

surface polarity [15], the presence of functional groups [16], the stiffness of substrate [17], and 

the surface topography [18]. The cells actively sense and react to the substrates through the 

activation of cell surface integrin and then the focal adhesion (FA) complex formation [19-21]. 

The cell surface integrin activation can further activate the focal adhesion kinase (FAK) which 

is indispensable for the focal adhesion complex formation [22]. The FA complex consist of 

many signaling molecules, including the vinculin, talin, paxillin, Src and Cas [23-25]. These 

signaling molecules can be regulated by chemical and physical properties of the substrates, and 

play a key role for remolding the size, shape and distribution of FAs [26]. The FAs can be 

found at the peripheral and central areas of the cells. They are linked with the terminal of F-
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actin to regulate cells via transfer the signaling from the outside to inside [27]. Here, the 

formation and distribution of FAs were characterized by staining F-actin and vinculin. The 

images showed that the distribution and size of FAs on PC were comparable to that on TCP, 

indicating the excellent cell compatibility of PC for hBMSC adhesion. This observation was in 

line with our previous results [13].  

MSCs are multipotent cells, which are capable of extensively replicating and maintaining their 

multi-potential during culture. However, the long-term cell cultivation in vitro may lead to 

cellular aging, alteration of genetic and epigenetic features as well as spontaneous cell 

transformation [28]. The primary cells do not grow infinitely, but undergo only a limited 

number of cell division, in a process called cellular senescence [29]. The MSCs cease growth 

in vitro at about 40 to 50 cell doublings [30]. The stem cell senescence could result in impaired 

regenerative capacity and reduced tissue function, which might consequently lead to 

organismal aging in vivo [31-34].  

The senescent cells undergo irreversible growth arrest but the metabolism is active. They 

normally present a large and flat morphology, and display the characteristic changes in gene 

expression. Senescent cells typically exhibit an increase of senescence-associated β-

galactosidase (SA-β-gal) activity [35, 36]. In this study, the result showed that with the 

elongation of cultivation the senescence level of hBMSCs increased on all of the tested 

materials, which could be explained by the regulation from the genetic factors. The senescence 

level of hBMSCs on PS was significantly higher than that on PC and TCP, which might be 

caused by the poor cell adhesion and spreading of cells on PS [13].  

In addition to growth arresting, morphology change and accumulation of lipofuscin in cell 

plasma, senescence in stem cells could cause the damage of DNA and the alteration of functions 

[35]. In senescent MSCs, the potential of differentiation decreased with the disruption of the 

balance between osteogenic and adipogenic differentiation [37-39]. Moreover, long-term 

cultivation of MSCs could result in the complete loss of osteogenic potential and the decrease 

of adipogenic potential [40]. In this study, similar to hBMSCs on TCP, cells cultured on PC 

could be induced to differentiate towards osteogenic and adipogenic lineages by induction 

medium, and keep undifferentiated status in growth medium. These results demonstrated that 

the hBMSCs were capable of maintaining their self-renewing and differentiation potential on 

PC. 
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MSCs can secrete a broad range of paracrine factors [1, 2, 41, 42]. These factors could exert 

the anti-inflammatory, anti-apoptotic, anti-fibrotic and pro-angiogenic functions [43]. The 

secretion of MSCs could be modulated by various cues from the microenvironment, such as 

the extracellular matrix (ECM) stiffness [6], surface topography[7] and the chemical property 

of substrate surface [8]. In our study, the hBMSCs on PS showed higher secretion activity 

compared to that on PC and TCP, which might be due to the poor cell adhesion and low cell 

number on PS. Notably, the higher secretion activity of inflammatory cytokines and pro-

angiogenic factors including FGF2 and VEGF was observed in cells on PC, as compared to 

those on TCP. Since VEGF is one of the most important grow factors for promoting 

angiogenesis [44], this observation suggested that the pro-angiogenic capacity of MSCs might 

be improved by cultivation on PC.  

In summary, our results demonstrated the high cell biocompatibility of PC for stem cell 

cultivation. The hBMSCs could attach on PC, forming FAs and cytoskeleton similar to those 

on TCP. Their self-renewal and differentiation potential could be maintained. Compared to 

TCP, hBMSCs on PC presented a comparable level of senescence and a higher secretion 

activity.  

5. Conclusion  

In this study, the hBMSC senescence level, secretion behavior and differentiation potential on 

PC were evaluated comparing cell culture on TCP and PS. The PC showed high cell 

compatibility for hBMSC adhesion and spreading. Cells on PC presented the similar focal 

adhesion and cytoskeletal structure, as compared to TCP. The cellular senescence of hBMSCs 

on PC was at a comparable level to that on TCP. Cells on PC showed a higher secretion activity 

than on TCP, with the upregulated inflammatory cytokines and pro-angiogenic factors. The 

hBMSCs could maintain their stemness in growth medium on PC, and could undergo 

osteogenic and adipogenic differentiation. Conclusively, PC represents a promising culture 

material for stem cells. 
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Abstract: 

Mesenchymal stem cell behaviors and lineage commitments can be steered by the mechanical 

properties of their microenvironment. In this study, polycarbonate substrate with spongy bone 

-like microarchitecture were fabricated as a model system, to evaluate the influence of spongy 

bone -like microarchitecture on human bone marrow mesenchymal stem cell (hBMSC) 

osteogenic differentiation on the epigenetic modification. It is found that spongy bone -like 

microarchitecture promoted assembling of G-actin into F-actin of hBMSC and enhanced cell 

contractility by upregulating MLC expression. The increased cell contractility led to YAP 

activation and the higher aspect ratio of cell nucleus. This unique mechanical stimuli can 

further be sensed by the nuclear membrane protein and nuclear pore complex, presenting higher 

levels of active form lamins A/C. On the epigenetic level, there was the alternated histone 

modification profile, particularly the enrichment of H3K27me3 and H3K9Ac on the upstream 

of osteogenic genes (ALPL, RUNX2 and BGLAP). These findings not only allow us to give a 

better understanding of the mechanism how material surface topography affects stem cell fate 

but also to provide new insights in designing and developing implants and biomedical devices. 

Key words: topographical cues, hBMSCs, cytoskeleton contractility, histone modification, 

osteogenic differentiation  
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1. Introduction 

Mesenchymal stem cells (MSCs) can differentiate into multiple lineages, including osteoblasts, 

chondrocytes and adipocytes [1]. Bone marrow, particularly the red bone marrow, is a major 

cell source of MSCs typically filling the multi-porous structure of trabecular bone in adult 

tissue [2]. Trabecular bone, as the native microenviroment of BMSCs, has a spongy-like 

microarchitecture, which is highly heterogeneous and anisotropic. The microarchitecture of the 

substrate has a strong influence to MSCs linage commitment [3, 4]. Scaffolds with pore sizes 

close to 300 µm, similar to pore size of spongy bone, can promote BMSC osteogenesis in vivo 

[5-7]. A smaller pore size (100 µm) was more favorable for MSCs chondrogenic differentiation 

[8]. However, the mechanism of how the spongy bone-like microstructure promotes BMSCs 

osteogenic differentiation is largely unexplored.   

The topographical cues from the interface regulate MSCs major cellular functions [9]. The 

topographical cues can be sensed and transferred to biological signals by MSCs, the biological 

signals transmitted into the cell result in cytoskeletal remodeling and changes of cell 

contractility [10]. Actin microfilaments (F-actin) are the major structure of the cytoskeleton, 

the surface topography regulated signals lead to F-actin polymerization/depolymerization as 

well as affect the activation of myosin, which modulates cell contractility via sliding on F-actin 

in a polar fashion. Since the cytoskeleton networks further connect to the nucleoskeleton by 

linker of nucleoskeleton and cytoskeleton (LINC) complex that is composed of nesprins, SUN 

and lamin proteins, cell nucleus could feel the cell contractility force which is regulated by the 

surface topographical cues [11] . The force transmitted across the cytoskeleton to the nucleus 

results in substantial deformation [12, 13]. The nucleus deformation not only limited the 

nuclear shape changes, but also the nuclear protein conformation and phosphorylation states. 

Lamin A/C as mechanosensitive proteins that locate on inner nuclear membrane and internal 

nuclear scaffold can sense the contraction force and provide structural integrity to the nucleus 

to resist the cytoskeleton contraction force [14].  The mechanosensitive proteins respond to the 

contraction force via the  turnover of phosphorylated amin A/C (p lamin A/C) and lamin 

A/C[15]. The mechanical force applied on the nucleus increased nuclear membrane tension, 

which further altered the permeability of nuclear pore complexes(NPC)[16]. The force-

mediated alterations to NPC conformations could promote nuclear entry of yes-associated 

protein (YAP) [17], a mechanosensitive transcription factor, which further regulates the genes 

expression. However, how the surface topographical cues influence the lamin A/C expression 

and YAP translocation is not very clear. 
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In addition, the mechanical force extend to inside of nucleus, where the mechanical force can 

affect histone acetylation/methylation states and chromatin dynamic in nucleus [18]. The short-

term mechanical force applied on nucleus led to the rapid increasing of transcription [19]. 

However, the long-term force (12 h) applied on MSCs led to the enhancement of H3K27me3 

expression, which resulted in heterochromatin and transcription repression, further affected the 

stem cell lineage [20]. In addition, the internal force that is generated by the actomyosin 

regulated the methylation and acetylation of H3 and then modulated specific gene expression 

[21]. The histone acetylation and methylation patterns on specific site control the activation 

and silencing of transcription [22], which further define the specific cell lineages. The study 

about the epigenetic mechanisms of stem cell differentiation found the H3K27me3 was an 

epigenetic control point of adipogenesis [23], the acylation of H3K9 played a key role in 

regulating stem cell proliferation and osteogenic differentiation [24]. At present, the 

understanding of the influence of mechanical force on stem cell histone modification is not 

completely clear. Especially, the exact mechanism how surface topographical cues mediate cell 

contraction force regulating specific histone modifications for controlling stem cell lineages 

commitment is not well understood. Precisely engineered micro-structural substrates may 

further helped to elucidate the effects of topography on BMSCs behavior and the epigenetic 

controlling of osteogenic process. 

 In this study, we probe the mechanism of the topographic surface regulating BMSCs 

differentiation lineages.  For the cell culture device, polycarbonate (PC)-based inserts with 

three kinds of topographical surface on the bottom were fabricated. A smooth surface (sPC) 

was used here as a control. A surface (mPC) with the value of profile roughness parameter 

(average peak spacing: RSm) comparable to hBMSC dimension (~ 100 μm in adhesion), while 

a surface (hPC) with 2.5D topography, and the value of RSm was similar to the pore size of 

spongy bone. We hypothesize that the substrate surface (hPC) with the topographical cues 

(RSm value) similar to natural spongy bone pore size could enhance cell contractility, and then 

modulate cell epigenetics to promote BMSCs osteogenic differentiation. In order to verify the 

hypothesis, the osteogenic and adipogenic differentiation of hBMSCs on three topographic 

surfaces were evaluated, the mechanism how surface topographical cues regulate hBMSCs 

differentiation is investigated. It was found that the topographical cues of hPC enhanced cell 

contractility by promoting F-actin polymerization and upregulating MLC activation. The 

increased cell contractility led to the cell nucleus deformation, enhancing YAP nuclear 

translocation and elevating of Lamin A/C expression.  The unique mechanical force further 
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propagated into nucleus and resulted in altering of histone modification profile, particularly 

modulating the enrichment of H3K27me3 and H3K9ac on the promoters of osteogenic genes, 

which regulated hBMSCs osteogenic differentiation. We suggest that the designing of 

appropriate topographic surface could regulate cell contractility and modulate the epigenetic 

status of stem cells, and thereby controls stem cells lineage commitments. 

2. Experimental section  

2.1 Fabrication and characterization of the material for cell culture 

Polycarbonate (PC, trade name Makrolon® 2805, Bayer, Germany) inserts with a suitable size 

to fit the standard 24-well tissue culture plate (TCP) were prepared via injection molding [25]. 

Three differently structured modules were utilized to fabricate the inserts with different types 

of bottom surface topography: a module with a polished contact surface (sPC), and two 

modules with micro-structured surfaces according to the norm DIN 16747: 1981-05, M30 

(mPC) and M45 (hPC). The microscale topography of the insert bottom was characterized with 

an optical profilometer type MicoProf 200, and analyzed with the software AQUIRE (ver. 1.21) 

and the software MARK III (ver. 3.9) according to the method of previous reported [26]. The 

inserts were sterilized by gas sterilization (gas phase: 10% (v/v) ethylene oxide, 54 ◦C, 65% 

relative humidity, 1.7 bar, 3 hours of gas exposure time and 21 hours of aeration phase). 

2.2 Cell culture 

hBMSCs (SCC034, Merk Millipore, Darmstadt, Germany) were cultured with MesenPRO 

RS™ growth medium (GM) (ThermoFisher Scientific, Waltham, USA ), in a humidified 

atmosphere containing 5% (v/v) CO2, and the medium was changed every 2 days. hBMSCs 

were cultured in the mixed induction media (MM) (osteogenic induction medium: adipogenic 

induction medium = 1:1) for competitive differentiation. The StemPro Osteogenesis 

differentiation kit and StemPro Adipogenesis differentiation kit (ThermoFisher Scientific, 

Waltham, USA ) were applied to promote osteogenic and adipogenic differentiation, 

respectively. 

2.3 Chemical and immunofluorescence staining  

Chemical staining:  2.0 × 104 hBMSCs were seeded into each insert and cultured in GM for 4 

days, thereby MM was used to culture the cells for 21 days. Cells were then fixed with 4% 

(w/v) paraformaldehyde (Sigma–Aldrich, St. Louis, MO USA) and permeabilized with 0.1% 

(v/v) Triton X-100 (Sigma–Aldrich, St. Louis, MO, USA) for the further staining. Oil Red O 
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(Sigma–Aldrich, St. Louis, MO, USA) staining was used to assess the lipid droplets. 

OsteoImage™ Mineralization Assay kit (Lonza, Basel, Switzerland) was used to stain 

mineralization deposition according to the protocol that was supplied by manufacturer. And 

then samples were imaged with inverted light microscopy (Axiovert 40C, Carl Zeiss, Jena 

Germany) and confocal laser scanning microscope (LSM 780, Carl Zeiss, Jena, Germany). 

Immunofluorescence staining: 2.0 × 104 hBMSCs were seeded into each insert. At the indicated 

time points, cells were fixed with 4% (w/v) paraformaldehyde (Sigma–Aldrich, St. Louis, MO 

USA) and permeabilized with 0.1% (v/v) Triton X-100 (Sigma–Aldrich, St. Louis, MO, USA), 

then blocked with 3% (w/v) BSA buffer. F-actin was stained with ActinRed™ 555 Ready 

Probes (Life Technologies, Darmstadt, Germany). Cell nuclei were stained with Hoechst 33342 

(Life Technologies, Darmstadt, Germany). Tri-methylation at histone H3 (Lys27), lamin A/C 

and p lamin A/C were immunostained by rabbit anti-H3K27me3 antibody, mouse anti-lamin 

A-C and rabbit anti- phospho-lamin A/C (Ser22) primary antibodies (Cell signaling 

technologies, Danvers, USA). Anti -mouse IgG (H+L)-Alexa Fluor® 488, and anti-rabbit IgG 

(H+L)-Alexa Fluor® 633 (Invitrogen, California, USA) were used as secondary antibodies. 

Samples were visualized with confocal laser scanning microscope. 

2.4 Flow cytometry 

For the evaluation of the  and histone modification level change of cells in different phase, 2.0 

× 104 hBMSCs were seeded into each insert and cultured for 4 days in GM, then the samples 

were divided into two parts. One part of the cells were harvested and fixed; another part, the 

cells were continuously cultured in MM for 3 days then harvested and fixed. Then two parts of 

fixed cells were permeabilized and blocked as the same method mentioned before. 

Subsequently, cells were stained with Alexa Fluor 488 conjugate rabbit anti-H3K27me3 and 

Pacific Blue conjugated histone H3 antibody (Cell signaling technologies, Danvers, USA) 

overnight in 4 °C. And for evaluation of lamin A/C expression level of cells on different 

surfaces, 2.0 × 104 hBMSCs were seeded into each insert and cultured for 4 day in GM, then 

cells were harvested, permeabilized and blocked, then stained with mouse anti-lamin A-C 

primary antibody overnight in 4 °C, subsequently, stained with anti-rabbit IgG (H+L)-Alexa 

Fluor® 633 (Invitrogen, California, USA) secondary antibodies. Then the stained cells were 

analyzed by the flow cytometry (MACSQuant®, Miltenyi Biotec, Bergisch Gladbach, 

Germany). Data analysis was performed using “Flowjo” software (Tree Star Inc., Ashland OR, 

USA). 
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2.5 Cell contractility assay 

The contractility of hBMSCs was evaluated through cell contraction assay kit (Cell Biolabs, 

Inc., California, USA) following the manufacturer's protocol. Briefly, 2.0 × 104 hBMSCs were 

seeded into each insert and cultured in GM for 7 days. Then cell were harvested and 50 µl cells 

(1 – 2 × 105 cells) mixed with 200 µl freshly contraction assay collagen. The mixture of cell-

collagen (250 µl) was added into the well of 48-well plate and incubated at 37 °C for 1 h, 

subsequently, GM (400 µl)was added to each collagen gel. After 2 days culture, the cell-

collagen gels were released from culture wells. The morphology of the collagen gels 

(contraction index) were recorded by camera at indicated time points, then the area of the cell-

collagen gels were measured with Image J software (National Institutes of Health, USA). 

2.6 G-Actin/F-Actin assay 

The G-actin and F-actin in cells were quantified by the G-actin/F-actin assay kit (Cytoskeleton 

Inc., Denver, USA) following the manufacturer's protocol. Briefly, 2.0 × 104 hBMSCs were 

seeded into each insert and cultured in GM. Cells were lysed by F-actin stabilization buffer and 

then the lysate was centrifuged by ultracentrifuge (Sorvall/Thermo Scienfic, Massachusetts, 

USA) and spun at 100000 × g at 37°C for 1h, the F-actin (pellet) and G-actin (supernatant) 

were separated. The pellets were resuspended in the ice cold depolymerizing buffer. 

Appropriate loading buffer was added to all samples and boiled 5 min. The levels of G-actin 

and F-actin were evaluated by western blot and quantified by analyzing the grayscale of bands 

with Image J software (National Institutes of Health, USA).  

2.7 siRNA transfection  

Lamin A/C, Nesprin-1, Nesprin-2 and SUN siRNAs (Life Technologies, Darmstadt, Germany) 

were transfected into hBMSCs using Lipofectamine®2000 (Thermo Fisher Scientific, 

Waltham, USA) according to the recommended transfection protocol. Briefly, one day before 

transfection, 2.0 × 104 hBMSCs were seeded into each insert and cultured in 400 medium (GM 

or MM) without antibiotics. Diluted 1 µl Lipofectamine®2000 in 50 µl Opti-MEM® I reduced 

serum medium (Thermo Fisch scitific, Waltham, Massachusetts, USA), mixed gently  and 

incubated for 15 min at room temperature; Diluted 200 pmol siRNA in 50 µl Opti-MEM® I 

reduced serum medium. Mixed the diluted siRNA and diluted  Lipofectamine® 2000 (total 

volume = 111 µl) and incubated for 15 min at room temperature to allow complexes to form.  

111 µl siRNA- Lipofectamine® 2000 complexes was added to each well and incubated for 2 

days, then the cell culture medium was refreshed by cell culture medium that contained 
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transfection regents and siRNAs. Cells or cell lysates were collected at day 4 after transfection 

for further Western blot and flow cytometry analysis. 

2.8 Western blotting 

The cells were lysed by the RIPA Lysis and Extraction Buffer (Thermo Fisch scitific, Waltham, 

Massachusetts, USA) which contained a mixture of 1× Halt Protease & Phosphatase Inhibitor 

Cocktail (Thermo Fisher Scientific, Waltham, Massachusetts, USA) on ice for 10 min. The 

total protein concentration in the supernatant was measured using a BCA Protein Assay Kit 

(Thermo Fisher Scientific, Bonn, Germany). Then loading buffer (Bio-Rad, München, 

Germany) was added to cell lysate and boiled at 95 °C for 5 min. Then equal amounts of protein 

was loaded into each well of the 10% SDS-PAGE gel and electrophoresis was performed at 

120 V for 60 min,  then the protein was transferred onto the nitrocellulose membrane (Merck 

Millipore, Darmstadt, Germany) at a constant current of 220 mA for 70 min. As following, the 

membrane was blocked with Odyssey Blocking Buffer (LI-COR Biosciences, Lincoln, NE, 

USA) and stained with anti-Lamin A/C, anti-N-cadherin, and anti-GAPDH (Cell signaling 

technologies, Danvers, USA) antibodies overnight at 4 °C. Finally, the primary antibodies 

bound to the membrane were detected with IRDye® 800CW secondary antibody and visualized 

using an Odyssey® Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA).  

2.9 Inhibition experiment 

Inhibitors were added to cell culture medium (GM or MM) at the following concentrations: 

Cytochalasin D (Cyto D) (0.2 µM), Belbbistatin (Bleb) (1 µM) (Sigma-Aldrich, St. Louis, MO, 

USA) [27]. And RGD (10 µg/ mL) (Sigma-Aldrich, St. Louis, MO, USA) [28]. The medium 

with inhibitors was regularly changed every 2 days. Cells cultured in GM and MM were 

exposed to inhibitors for 4 days. After 21 days exposure of cells to the inhibitors in MM, the 

lysate was collected for cell differentiation assay. 

2.10 Enzyme-linked immunosorbent assay (ELISA) 

hBMSCs were cultured in GM for 4 days or cultured in MM for 21 days were lysed. The pMLC, 

pYAP and tYAP levels of hBMSCs in GM were measured using pMLC (Mybiosurce, San 

Diego, USA), pYAP(pSer397) and tYAP ELISA kits (Cell signaling technologies, Danvers, 

USA). The expression level of osteocalcin (OCN) and fatty acid binding protein 4 (FABP-4) 

in differentiated hBMSCs (day 21 in MM) were quantified by Human Osteocalcin-ELISA kit 

(Invitrogen, California, USA) and Human FABP-4 ELISA kit (Abcam, Cambridge, UK). For 
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normalization, the amount of total protein in the cell extraction was determined using a BCA 

protein assay kit (Thermo Fisher Scientific, Bonn, Germany). 

2.11 ChIP-PCR analysis 

To analyze the enrichment of modified histones H3 tails at the promoter region of the 

osteogenic related genes (ALPL, RUNX2 and BGLAP) in hBMSCs that were cultured on 

different topographic surface in GM or MM. For the GM group, 2.0 × 104 hBMSCs were 

seeded into each insert and cultured in GM for 4 days; the MM group 2.0 × 104 hBMSCs were 

seeded into each insert and cultured in GM for 4 days, then continue cultured in MM for 3 days. 

After that, the cells were harvested and processed by the SimpleChIP® Enzymatic Chromatin 

IP Kit (Cell signaling technologies, Danvers, USA) according to the manufacturer's protocol. 

The rabbit anti-H3K27me3 and rabbit anti-H3K9Ac antibodies (Cell signaling technologies, 

Danvers, USA) were used in this processing. Quantitative real-time PCR analysis of 

precipitated DNA relative to inputs using SYBR Green kits (Thermo Fisher Scientific, Bonn, 

Germany). The sequences of primers (Thermo Fisher Scientific, Bonn, Germany) are listed in 

supplementary Table 1. 

2.12 Statistical analysis 

The number of replication for quantitative experiments was equal to or larger than three as 

indicated respectively in the figure legends. Unless indicated otherwise, the data were 

expressed as arithmetic mean ± standard deviation (SD). Statistical analysis was performed by 

one-way ANOVA with post hoc Tukey HSD test. * P< 0.05 was considered to be statistically 

significant. 

3.  Results and discussion   

3.1 Characterization of substrate surface topography  

Previous studies have demonstrated that polycarbonate materials have good cell compatibility 

and similar elastic modulus to trabecular bone [29]. So in this study PC was selected to fabricate 

the substrates with different topographic surfaces (Fig. 1A). The surfaces microscale 

topography was characterized and analyzed by optical profilometry (Supplementary Table1 

and Fig. 1). The average peak spacing (RSm) of mPC is 160.3 ± 8.2 μm, this value is comparable 

to the size of hBMSC, and the RSm of hPC is 279.3 ± 32.3 μm, the value is similar to the distance 

between the trabecular bones in spongy bone [7].  

3.2  hPC substrate surface topography enhanced cell contractility 
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To evaluate the influence of surface topographic cues on cell contraction force, the stabilization 

of cell cytoskeleton actin, activation of actomyosin as well as cell contractility were tested. The 

actin cytoskeleton is a dynamic system that constantly reorganizes itself by polymerization (F-

actin) and depolymerization (G-actin) cycles to regulate cell adhesion, shape and migration to 

adapt to its environment. A study had demonstrated MSC osteogenic differentiation and bone 

formation could be enhanced via inhibiting F-actin depolymerization [30]. In this study, 

immunofluorescent staining was performed to investigate the F-actin of cells on different 

topographic surfaces. After 4 days of cell culture, the top-view fluorescent images showed that 

the fluorescence intensity of cells on hPC was higher than that on sPC and mPC. In addition, 

distinct difference was observed in cells on different surfaces with respect to their orientation, 

distribution and F-actin arrangement.  The F-actin of cells on sPC and mPC surfaces presented 

high orientation, in contrast, the F-actin of cells on  hPC  was less orientated (Fig. 1B top row). 

The cross-sectional view images showed that there was higher fluorescence intensity on slope 

positions of hPC than that on other positions (Fig. 1B down row). These results suggested that 

the topographic surface influences F-actin polymerization and stabilization. To confirm this 

result, the F-actin/G-actin kit was used to analyze the G-actin/F-actin ratio and the results 

showed that on day 2, the G-actin/F-actin ratio of cells that were cultured on sPC, mPC and 

hPC were 0.58 ± 0.10, 0.56 ± 0.05 and 0.49 ± 0.06, respectively. And on day 4, the G-actin/F-

actin ratio of cells on these surfaces were slightly increased and the ratio of cells on hPC (0.52 

± 0.09) was significantly lower than that on sPC (0.72 ± 0.07) and mPC (0.62 ± 0.04) (Fig.1C 

and D). The results confirmed that the hPC surface topographical cues enhanced F-actin 

polymerization and stabilization. Moreover, on day 4 the G-actin/F-actin ratio were higher than 

that on day 2, which may be caused by the different F-actin polymerization level at different 

time points after cell seeding. In the early stage (day 2)  the cells attached on surface and started 

to spread, the polymerization of F-actin kept on high level,  with the time elongated (day 4) 

cells spread completely on surface, the F-actin polymerization level gradually decreased and 

kept a balance between polymerization and depolymerzation.  

The surface topographical cues were sensed by MSC, which guided cell spreading and 

morphology formation and migration. In this process, the cell internal force (cytoskeletal 

contractility) that was generated by myosin II activation played an important role. Myosin is 

the major motor protein responsible for the generation of cell internal force (cytoskeletal 

contractility), which depends on the phosphorylation of myosin regulatory light chains (pMLC). 

The result of pMLC expression quantification showed that the cells cultured on hPC had a 
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significantly higher pMLC expression level than those on sPC and mPC (Fig. 1E), which 

indicated the hBMSCs cultured on hPC topographic surface generated higher internal force 

than those on mPC and sPC. With the internal force increasing, the individual filaments (F-

actin) are compressed and/or cross-linking proteins become more extended [31], which is 

consistent with the results of G-actin/F-actin ratio and F-actin immunofluorescence staining. 

The contractility of cells that were cultured on different topographic surfaces was evaluated by 

the cell-collagen mixed gels method. The images of cell-collagen gel showed that the gels 

significant shrunk after released 24 h (Supplementary Fig. 3). The contractility of cells from 

different surface was evaluated via calculating the area of shrunk gels and comparing with the 

initial gels area. The gels with cells from hPC shrunk more seriously than those gels with cells 

from sPC and mPC. After the gels released 2 h, the area of gels contained cells that from sPC, 

mPC and hPC shrunk 9%, 16% and 17%, respectively. After 24 h, the gels with cells from hPC 

shrunk strongest, the area of shrunk gels was 23% compared with the initial gels area, which 

was much smaller than that cells from sPC (57%) and mPC (35%) (Fig. 1F). The results 

suggested that the cell contractility of hBMSCs cultured on hPC surface was significantly 

higher than that on mPC and sPC.  And this also can be supported by the phenomenon of cell 

lift from substrate surface on hPC (data not show).  At high cell density condition a part of the 

cells lifted from the surface at the valley area of hPC topography due to the “pulling” of cells 

that are located on both sides of the valley. This phenomenon of cell lift could not be found on 

mPC and sPC (data not show).  These results collectively suggested that hPC topographic 

surface enhanced hBMSCs cell tension. 



49 

 

 

Fig. 1: hPC surface topographical cues enhance hBMSC tension. A Surface topography images 

of sPC, mPC and hPC (scale bar = 100 µm); B Top-view of immunofluorescence staining 

images (up) and the cross-sectional view of immunofluorescence staining images (down) (red: 

F-actin; blue: nuclei; scale bar = 100 µm); C Quantitative analysis of F-actin/G-actin ratio (n = 

3; *Sig < 0.05); D Actins were separated by ultracentrifugation to F-actin and G-actin and 

subjected to western blot analysis ; E  The phosphorylated myosin light chain expression level 

of hBMSCs that were cultured on different topographic surfaces (n = 3; *Sig < 0.05);  F 

Quantitative analysis of cell mixed collage gels area change at different time points. (n = 4; * 

Sig < 0.05, sPC VS mPC; # Sig < 0.05, sPC VS hPC; & Sig < 0.05, mPC VS hPC).  
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3.3 Cell contractility influences nuclear deformation 

The cytoskeleton network bridges the cell membrane and the nucleus through the LINC 

complex, thereby the mechanical signals directly transmit to the nuclear [32]. The surface 

topographical cues mediated cell contraction force is applied on nucleus, which results in the 

changing of nucleus shape. The nuclei staining images showed that the nuclei on hPC were 

obviously “slender” compared to the nuclei on sPC (Fig. 2A). Further, the quantitative result 

of nucleus aspect ratio showed that the nuclei aspect ratio of cells on hPC was significantly 

higher than that on mPC and sPC (Fig. 2B). The results indicated that hPC topographical cues 

promoted cell contraction force and then the mechanical force transmitted to the nucleus via 

cytoskeleton, which led to nuclear deformation. 

 

Fig. 2: Cell contraction force influences the hBMSC nucleus deformation. A Representative 

cell nuclei immunofluorescence staining images of hBMSCs that were cultured on different 

surfaces for 4 days (nuclei: blue; Scale bar =20 µm); B Nuclei aspect ratio of hBMSCs on 

different surfaces (n = 195, 251 and 219 for sPC, mPC and hPC, respectively; * Sig < 0.05). 
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3.4 Cell contractility influences lamin A/C expression 

To further study the influence of surface topography mediated cell contraction on cell nuclei, 

the expression levels of lamin A/C were characterized. Lamin A/C are major components of 

the nuclear lamina that provide structural integrity to cell nucleus and mechanical support to 

nuclear shape [33]. The lamin A/C expressing cells can form an actin cap to resist nuclear 

deformation in response to physiological mechanical stresses [34]. The stimulation of 

increasing mechanical force enhances phospho-lamin A/C (plamin A/C) dephosphorylation 

and induces conformational changes in lamin coiled-coil dimers and deposite on the nuclear 

membrane [18], the expression level of lamin A/C determine the cell nuclear stiffness. In 

addition, several studies found that lamin A/C interacted with double-stranded DNA, 

transcriptional regulators, nuclear membrane associated proteins [33, 35], and regulated the 

expression level of genes that relate with the MSCs differentiation. Here, lamin A/C and plamin 

A/C expression of the cells on different surfaces were characterized by immunofluorescence 

staining. The images showed the lamin A/C fluorescence intensity of cells on hPC surface was 

higher than that on sPC and mPC. In contrast, the cells on sPC surface had the strongest 

fluorescence intensity of p lamin A/C and the cells on hPC the fluorescence intensity of plamin 

A/C was weakest (Fig. 3A). Then the expression level of plamin A/C was quantified via ImageJ 

software analyzing the fluorescence intensity of images, the result showed that cells on sPC 

had higher mean fluorescence intensity (MFI) than that on hPC (Fig .3B). However, the FACS 

quantified results of  lamin A/C expression level indicated the lamin A/C MFI of cells that were 

cultured on hPC was significantly higher than that on mPC and sPC (Fig. 3C), which is 

consistent with the immunofluorescence staining result. To further confirm the surface 

topographical cues mediated contraction force influence on lamin A/C expression, RGD and 

inhibitors (Bleb and Cyto D) were used to block the cell surface integrin, inhibit the MLC 

activation and F-actin polymerization, respectively, and siRNAs (scrambled, nesprin-1, 

nesprin-2 and SUN) were transfected into hBMSCs for the depletion of LINC complex 

component proteins (nesprin-1, nesprin-2 and SUN), which connected the nucleoskeleton to 

the cytoskeleton and transmitted mechanical force from the cytoplasm to the nucleus. The use 

of RGD inhibitors as well as siRNA transfection decreased the cell cytoskeleton contractility 

or blocked the mechanical force transmission to the nucleus, which reduced the lamin A/C 

expression. The lamin A/C expression of cells that were treated with RGD, inhibitors or siRNA 

was significantly decreased compared to the untreated cells with exception of the emerin 

siRNA transfected cells (Fig. 3D). The transfection of emerin siRNA did not influence lamin 
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A/C expression. This may be because of emerin was just a mechanical sensor protein that 

neither produced force nor participated in force conduction. These results demonstrated that 

the hPC surface topographical cues enhanced cell contraction force led to the cell lamin A/C 

expression increasing, which is consistent with a previous report [34]. 

 

Fig. 3: Cell contraction force affects the expression of p lamin A/C and lamin A/C. A 

Representative plamin A/C and lamin A/C immunofluorescence staining images of hBMSCs 

that were cultured on different surfaces for 4 days (plamin A/C: green; lamin A/C : red; Scale 

bar =10 µm);  B Relative plaimin A/C expression level of hBMSCs,  which was analyzed via 

quantification of the immunofluorescence  intensity of the images by imageJ (bars show  

standard error; n = 216, 256 and 150 for sPC, mPC and hPC, respectively; * Sig < 0.05 ); C 

Relative lamin A/C expression level of hBMSCs, which  were cultured on different surfaces 

for 4days in GM, then the cells were harvested, fixed and stained with lamin A/C primary 
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antibody and second antibody, then characterized by flow cytometry. (n = 5; *Sig < 0.05); D 

hBMSCs were treated with Cyto D, Bleb, and RGD, respectively, or transfected with siRNAs 

(scramble, nesperin-1, nesprin-2 and SUN), respectively, and then lamin A/ C expressions were 

analyzed by western blotting. 

3.5 Cell contractility influences YAP nuclear translocation 

The mechanical force applied on nuclear membrane not only changes the morphology of the 

nuclei, but also influences the permeability of nuclear pore complex (NPC), facilitating import 

of mechanotransduction signaling molecules such as Yes-associated protein (YAP) [17]. YAP 

has been demonstrated plays an important role in mediating cellular mechanosensing [36]. 

Increasing of cytoskeleton contractility enhanced YAP dephosphorylation and nuclear 

translocation, furthermore, promoted the cells proliferation and stem cells osteogenic 

differentiation [37, 38]. In this study, the YAP immunofluorescence staining images showed 

that on hPC the fluorescence intensity of YAP on nuclear position was obviously stronger than 

that on sPC and mPC (Fig. 4A). Furthermore, ELISA kits were used to quantitative analysis of 

the ratio of phosphorylated YAP (pYAP)/total YAP (tYAP). The result showed that the cells 

cultured on hPC had significantly lower pYAP/tYAP ratio than that on sPC and mPC (Fig. 4B). 

To further confirm that the increased YAP nuclear translocation was regulated via cell 

contraction force which was mediated by surface topographical cues, the cells were treated by 

RGD, inhibitors and siRNA (lamin, nesprin-1, nesprin-1 and SUN), respectively. The using of 

RGD and inhibitors (Cyto D and Bleb) led to the decreasing of cell contraction force formation, 

and siRNAs (lamin, nesprin-1, nesprin-1 and SUN) were transfected into cells to block the 

contraction force transmitting to nuclear membrane. After the cells were treated with RGD, 

inhibitors or siRNAs the pYAP/tYAP ratio was significantly increased comparable to untreated 

cells (Fig. 4B). These results indicated the cell contraction regulates mechanotransducer 

nuclear localization. 
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Fig. 4: Cell tension affects the YAP nuclear translocation. A Representative 

immunofluorescence staining images of YAP location in hBMSCs that were cultured on 

different surface for 4 days in GM (YAP: green and nuclei: blue; Scale bar = 20 µm); B 

hBMSCs were cultured under different conditions for 4 days and then lysed, pYAP/tYAP ratio 

was tested by ELISA kits. (n = 3; *Sig < 0.05). 
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3.6 Cell contractility influences the globe expression of H3K27me3 

A previous study had demonstrated that the cell-extrinsic force can propagate directly to the 

nucleus and facilitate the deformation and stretching of chromatin and modify gene expression 

patterns and cell fate [39]. However, whether the cell-intrinsic force regulates cell chromatin 

deformation is still not very clear. To investigate whether cell contractility modulates cell 

epigenetics, we studied the histone modification level of cells on different topographic surfaces. 

Since the previous study had demonstrated that H3K27me3 was an epigenetic control point of 

MSC differentiation [23] and the level of H3K27me3 was directly related with the chromatin 

compaction degree [40]. Here, we characterized the H3K27me3 expression level of cells that 

were cultured on different surfaces. The H3K27me3 fluorescence intensity of cells cultured on 

hPC was stronger than that on sPC and mPC, which was obvious visible from the 

immunofluorescence staining images (Fig. 5A). The histone modification levels were 

quantitatively analyzed by comparing the MFI. The results indicated the cells on hPC surface 

had significant higher H3K27me3/H3 ratio than that on mPC and sPC, and this phenomenon 

was only observed in cells cultured in GM (Fig. 5B). In the MM, there was no significant 

difference of H3K27me3/H3 ratio of cells that were cultured on different surfaces 

(Supplementary Fig. 4). This can be explained by  the changes of acetylation of histones H3 

and H4 as well as methylation of H3K27 during the stem cell differentiation. 

During the processing of MSC osteogenic differentiation, the loss of H3K27me3 played a key 

role to regulate osteogenic related genes expression [41]. Based on the results of hPC 

promoting hBMSCs cell contractility and globe H3K27me3 expression，we postulated that 

the enhancement of cell contractility could promote H3K27me3 expression in hBMSCs. To 

confirm this postulate, the globe H3K27me3 expression level was evaluated in the cells were 

that treated with RGD and inhibitors (Cyto D and Bleb) or siRNAs (Emerin, SUN, Lamin, 

Nesprin-1 and Nesprin-2). The results showed that the RGD inhibitors as well as siRNAs 

transfection markedly depleted the difference of H3K27me3/H3 ratio of cells on different 

topographic surfaces in GM (Fig. 5B). Our research data suggest that the enhancement of cell 

contractility can increase the global histone H3K27 trimethylation, which is consistent with the 

previous report by Le et al.  To resist the mechanical force applied on cell nuclei, the cell nuclei 

become more stiffness. In this process, the expression of lamin A/C is increased and chromatin 

compaction is enhanced by histone modification such as the trimethylation H3K27 [42]. 
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Fig. 5: Cell contractility regulates the histone modification. A: Representative H3K27me3 

immunofluorescence staining images of hBMSCs that were cultured on different topographic 

surfaces in GM for 4 days. (Scale bar = 10 µm) B: hBMSCs were treated with RGD, Cyto D 

and Bleb or transfected siRNAs (control, lamin, nesprin-1, nesprin-2 and SUN) and cultured 

on different topographic surfaces in GM or MM for 4 days, respectively.  The expression level 

of H3K27me3 and H3 were quantified using flow cytometry. And the results expressed as the 

fold change of mean fluorescence intensity (MFI) ratio (H3K27me3/H3) compared to that on 

sPC. (n = 5; * Sig < 0.05; # mPC vs hPC Sig < 0.05). 

3.7 The enrichment of H3K9ac and H3K27me3 on the promoters of osteogenic related genes  

The cell contraction forces modulated by surface topographical cues influence globe 

H3K27me3 modification level. However, it is unclear how the change of histone modification 

level regulates specific gene expression is unclear. H3K27me3 is a negative regulator of gene 

expression, the enrichment of H3K27me3 on specific genes is directly linked to 

downregulation expression [43].  And H3K9ac was found played an important role in 

regulating gene activation, which were crucial to MSCs osteogenic differentiation [44]. To 
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study the influence of histone modification on cell osteogenic differentiation, we examined the 

enrichments of H3k27me3 and H3k9ac located on the promotors of genes (ALPL, RUNX2 and 

BGLAP) by ChIP-PCR assay. The results indicated that H3K27me3 and H3K9ac both are 

located on the promoters of ALPL, RUNX2 and BGLAP genes. However, there were different 

enrichment of H3K27me3 and H3K9Ac located on these gene promoters of the cells that were 

cultured on the different surface topography (Fig.6 A and B). The cells cultured on hPC had 

significantly higher H3K9ac enrichment on ALP, RUNX2 and BGLAP gene promoters than 

that of cells on mPC and sPC surfaces. In contrast, the cells from sPC surface had significantly 

higher enrichment of H3K27me3 on the promoter of these genes than that of cells from hPC 

surface. These results not only appeared in the cells that were cultured in GM but also in MM. 

These data suggest that the cell contraction force not only influenced the global histone 

modification level but also induced the change of modified histone enrichment on specific 

genes, which were highly favorable in the activation of genes expression. In case of cells 

cultured in MM, the enrichments of H3K27me3 and H3K9Ac located on these gene promoters 

significantly decreased compared to cells cultured in GM. That is due to the  fluctuation of  

histone modification level during cell-induced differentiation, the H3K9ac level gradually 

decreases in the early stage (days 0 - 4) of stem cell differentiation[45]. The results are 

consistent with a previous report, in which the enrichment of H3K9ac on gene promoters 

regulated the gene transcription [46]. 

 

Fig. 6: Cell tension influences the enrichment of H3K9ac and H3K27me3 on the promoters of 

osteogenic related genes. ChIP-PCR analysis confirms that cell tension influences the 

enrichment of H3K9ac and H3K27me3 on the promoters of osteogenic related genes (ALP, 

RUNX2 and OCN) in hBMSCs that cultured at different conditions. The hBMSCs were 



58 

 

cultured on different topographic surfaces in GM and MM for 4 days, respectively, and then 

the cells were lysed and immunoprecipitated with anti-H3K27me3, anti-H3K9Ac, and anti-

IgG control antibody, and RT-PCR was used to measure enrichment. A: MSCs were cultured 

in GM and immunoprecipitated with H3K27me3 andH3K9Ac; B: MSCs were cultured in 

mixed media and immunoprecipitated with H3K27me3 and H3K9Ac; Error bars indicate 

standard deviation of PCR replicates (n = 3; *Sig < 0.05);  

3.8 Surface topography influences hBMSC differentiation  

To verify whether the topographic surfaces could regulate hBMSC differentiation, the hBMSCs 

osteogenic and adipogenic differentiation levels were evaluated. Since cell-cell interaction 

could influence MSC osteogenic differentiation [47], before the evaluation of cell 

differentiation the cell-cell interactions on the differently structured surfaces was tested. N-

cadherin expression level of cells that cultured on different surfaces was characterized to 

evaluate the cell-cell contact level. The results showed that there was no significant difference 

of N-cadherin expression level between cells seeded on different topographic surfaces 

(Supplementary Fig. 2A and B), which illustrated that the cells on different surfaces have 

similar cell-cell interaction.  

To evaluate the differentiation of hBMSCs on the different topographic surfaces, the cells were 

exposed to MM containing competing soluble differentiation cues (adipogenic VS osteogenic). 

The cells were stained to reveal that hBMSCs differentiated to adipogenic and osteogenic 

lineages. The ORO staining images obviously showed there were more lipid droplets in cells 

on sPC than on mPC and hPC (Fig. 7A). In contrast, the fluorescence intensity of the 

mineralization nodules staining images indicated that there was higher fluorescence intensity 

on hPC surface than on sPC and mPC, which means the hBMSCs on hPC had higher osteogenic 

differentiation level than on sPC and mPC (Fig. 7B). The quantitative analysis results showed 

that the adipogenic differentiation marker FABP-4 expression level of the cells on sPC surface 

expression was around 30% and 80% higher than that on mPC and hPC surfaces (Fig. 7C). In 

contrast, the cells cultured on hPC had highest osteocalcin expression level in the three surfaces 

(Fig. 7D). In addition, after the cells were treated with RGD or inhibitors (Cyto D and Blebb), 

the significant differences of FABP-4 and osteocalcin expression level among the different 

topographic surfaces disappeared, and FABP-4 expression levels of cells significantly 

increased, the osteocalcin expression levels obviously decreased compared to the untreated 

cells (Fig. 7C and D). And in osteogenic or adipogenic induction medium, the Aliza red S and 

FABP-4 staining results showed that hPC promoted hBMSC osteogenic differentiation, and the 

sPC was favorable for hBMSC adipogenesis (Supplementary Fig. 5). These hBMSC 

differentiation results collectively suggested that hPC topographic surface enhanced hBMSCs 
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osteogenic differentiation, and sPC topographic surface was beneficial for hBMSC 

adipogenesis. 

 

Fig. 7: Surface topographical cues influence hBMSCs differentiation. hBMSCs were cultured 

on different surfaces and exposed to MM for 21 days, and then cells were fixed and stained. A 

Representative images of lipid droplets staining (scale bar = 200 µm); B Representative images 

of calcium mineralization immunofluorescence staining (scale bar = 200 µm); C FABP-4 

expression level of hBMSCs cultured in MM with inhibitors/RGD added for 21 days on 

different topography surfaces; D Osteocalcin expression level of hBMSCs cultured in MM with 

inhibitors/RGD added for 21 days on different topography.(n = 4; *Sig < 0.05). 
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Fig. 8 Proposed model of the regulatory effect of surface topographical cues on hBMSCs. 

Compared to the sPC and mPC surfaces, the hPC could present a larger portion of surface with 

optimal topographical cues properties for modulating hBMSCs. The cells on hPC surface 

present high cell contractility and the contraction force transmitted to nucleus through LINC 

complex, and then led to the nuclear deformation, enhanced YAP nuclear translocation, as well 

as changes in chromatin conformation through the modification of histone, subsequently, 

enhanced hBMSCs osteogenic differentiation. 

In summary, these results demonstrated that surface topographical cues regulated cell 

contractility, and then affected histone modification level and enrichment of modified histones 

located on the specific genes, subsequently, modulated hBMSCs differentiation lineages (Fig. 

8). When hBMSCs attached on hPC surface, the topographical cues (RSm value was similar to 

the pore size of spongy bone) could be sensed by cells and then cell membrane biological signal 

pathway was activated. Further, the biological signals transmitted across the cytoplasmic 

membrane promoted actin polymerization and myosin light chain activation，which enhanced 

the cell cytoskeleton contraction. The traction force stretched nuclei via the LINC linker, and 

resulted in cell nuclear deformation including promoting the permeability of the nuclear pores, 

enhancing laminA/C expression. The mechanical force further propagated into the nucleus and 

altered histone modification level as well as regulated the enrichment of modified histones 

located on specific gene promoters. Subsequently, the alteration of nucleus regulated the genes 

expression and modulated the cell fate. This study focused on the mechanism of substrate 

topographical cues regulating stem cell differentiation, which pointed to a gateway to control 
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parameters of MSCs critical for their therapeutic potential by specifying cell–material 

interactions.  Our study results suggest that fine-tuning the topographic surface might be an 

effective and safe approach to improve the therapeutic functions of hBMSCs. And the results 

could give us some guiding for the design and development of biomaterials for both in vitro 

and in vivo applications. Engineering substrate surface topography to regulate hBMSCs 

differentiation lineages could avoid the disadvantages of stem cells differentiated into an 

inappropriate cell lineage under pathophysiological conditions in vivo.  

 

4. Conclusion  

In this study, we systematically investigated the influence of substrate surface topographical 

cues on enhancement of cell contraction force and its subsequent effect on differentiation 

behavior of hBMSCs. We found that the hPC surface topographical cues (RSm value is 

comparable to natural spongy bone pore size) enhanced hBMSCs cytoskeleton organization, 

stabilization and promoted cytoskeleton tension. Furthermore, the increased cytoskeleton 

tension would lead to cell nucleus deformation and changed histone modification levels, as 

well as to the enrichment of modified histone on the specific gene promoters, which further 

regulated genes expression and then directed hBMSCs differentiation lineages. These findings 

allow a better understanding of MSC response to scaffold topographic surface. This 

information is critical to the medical field as it presents new direction to design and develop 

biomedical devices, which could maximize the potential of stem cell in application. 
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Supporting results  

1. Table 1. Sequences of ChIP-PCR primers 

Gene  Forward primer 5’-3’ Reverse primer 5’-3’ 

ALP TCCAGGGATAAAGCAGGTC TTAGTAAGGCAGGTGCCAAT 

Runx2 AGGCCTTACCACAAGCCTTT AGAAAGTTTGCACCGCACTT 

BGLAP CAAATAGCCCTGGCAGATTC GAGGGCTCTCATGGTGTCTC3 

 

2. Table.2 Characterization of surface microscale topography 

 

 

 

 

 

 

 

 

Fig. 1: Surface profiles of the sPC, mPC and hPC inserts determined by optical profilometry. 
 

3.  The western blot of actin and N-cadherin 

Sample 
 Ra (µm) Rq (µm) RSm (µm) 

sPC 
 

0.05 ± 0.01 0.16 ± 0.10 / 

mPC 
 

2.94 ± 0.11 3.85 ± 0.11 160.3 ± 8.2 

hPC 
 

11.30 ± 0.43 16.12 ± 0.77 279.3 ± 32.3 
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Fig. 2: The analysis of N-cadherin by western blot. A Western blot images of N-cadherin 

expression in hBMSCs that were cultured on the different surfaces for 4 days. B Ratio of N-

cadherin: GAPDH via the image J analyzed the grayscale value of bands (n = 4).  

 

 4. Cell contractility assay  

 

Fig. 3: The images of cell mixed collagen gel at 0 h (initial state) and the state after released at 

24 h (scale bar = 5 mm). 
 

5. Expression level of H3K27me3 of cells cultured on different surface in MM. 
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Fig. 4: Relative levels of H3K27me3 in cells cultured on different surfaces in MM for 4 days. 
 

6. hBMSC differentiation on different surfaces. 

 
 

Fig. 5: Representative images of hBMSCs which were seeded on PC substrates with different 

surface roughness and cultured with osteogenic induction medium and adipogenic induction 

medium, respectively. A Images of Aliza red S staining (scale bar = 200 µm); B Images of 

immunofluorescence staining of FABP-4 (red: FABP-4; blue: nuclei; scale bar = 200 µm). 
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Abstract 

Polymeric matrixes mimicking multiple function of the ECM are expected to enable a material 

induced regeneration of tissues. Here, we investigated the adipogenic differentiation of human 

adipose derived mesenchymal stem cells (hADSCs) in a 3D architectured gelatin based 

hydrogel (ArcGel) prepared from gelatin and L-lysine diisocyanate ethyl ester (LDI) in an one-

step process, in which the formation of an open porous morphology and the chemical network 

formation were integrated. The ArcGel was designed to support adipose tissue regeneration 

with its 3D porous structure, high cell biocompatibility and mechanical properties compatible 

with human subcutaneous adipose tissue. The ArcGel could support initial cell adhesion and 

survival of hADSCs. Under static culture condition, the cells could migrate into the inner part 

of the scaffold with a depth of 840 ± 120 µm after 4 days, and distributed in the whole scaffold 

(2 mm in thickness) within 14 days. The cells proliferated in the scaffold and the fold increase 

of cell number after 7 days of culture was 2.55 ± 0.08. The apoptotic rate of hADSCs in the 

scaffold was similar to that of cells maintained on tissue culture plate. When cultured in 

adipogenic induction medium, the hADSCs in the scaffold differentiated into adipocytes with 

a high efficiency (93 ± 1%). Conclusively, this gelatin based 3D scaffold presented high cell 

compatibility for hADSC cultivation and differentiation, which could serve as a potential 

implant material in clinical applications for adipose tissue reparation and regeneration. 

Key words: mesenchymal stem cells, gelatin based scaffold, adipose tissue regeneration, 

adipogenic differentiation  
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1. Introduction 

A variety of factors including age, disease, trauma, tumor removal, congenital malformation, 

and  burns could lead the loss of subcutaneous adipose tissue, which would affect the patients 

physiologically and psychologically [132-134]. However, restoring the structure and function 

of defective adipose tissue still presents a clinical challenge in reconstructive surgery. Currently, 

two approaches of treatment are commonly adopted to repair a defect of soft tissue. The first 

one is fat grafting or lipofilling [134], in which the autologous adipocytes are injected to the 

position of soft tissue defects. This procedure does not involve potentially toxic materials and 

is easily available, with a generally satisfying result in short term [132]. However, the long 

term outcomes of this approach are unpredictable due to the inner necrosis of the transplanted 

tissue and the high resorption rate [134, 135]. The second approach is the transplantation of 

filler materials such as silicon, hyaluronic acid, or calcium hydroxyapatite based materials. 

Despite the capacity of supporting soft tissue repair and restoration, the clinical use of such 

filler materials are limited because of further documented complications, such as foreign-body 

reactions, which potentially affect function [136], uncontrollable degradation over time [137], 

as well as the risk of immunogenicity [138]. To overcome those disadvantages, strategies for 

adipose tissue reconstruction are being investigated, focusing on the most important aspects 

for the success of adipose tissue reconstruction - the stem cells with adipogenic differentiation 

potential and the scaffold materials mimicking function of the extracellular matrix (ECM) of 

adipose tissue. 

Adipose derived stem cells (ADSCs) are multipotent mesenchymal stem cells isolated from the 

adipose tissue. ADSCs show the ability to differentiate towards adipogenic, osteogenic, 

chondrogenic, myogenic and cardiomyogenic lineage [139, 140]. Previous research found that 

ADSCs differentiated into adipocytes and to replenish lost volume of soft tissue through 

proliferation and maturation into adipocytes, which makes them ideally suitable for adipose 

regeneration [141]. In addition to self-renewal and differentiation, ADSCs could secrete several 

growth factors including vascular endothelial growth factor (VEGF), hepatocyte growth factor 

(HGF), basic fibroblast growth factor (FGF-2), and insulin-like growth factor 1 (IGF-1)[142, 

143], some of which could promote angiogenesis and adipose tissue regeneration[144].   

In addition to ADSCs, the scaffold is of great importance for soft tissue reconstruction. By now, 

a variety of natural and synthetic materials have been used to produce scaffolds with the aim 

to support tissue repair and regeneration. When used in combination with stem cells, such a 
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scaffold material should at least fulfill several requirements. First, the high cell compatibility 

is necessary to allow for adhesion, proliferation and migration of stem cells, and later on 

support adipocyte survive. Second, it should have the mechanical properties comparable to 

native adipose tissue, to facilitate surgical handing and support adipogenic differentiation of 

transplanted stem cells. Third, a 3D porous structure might facilitate the accommodation of 

cells. At last, the scaffold should be biodegradable, which is critical to provide space for cell 

proliferation, guide tissue development and enable the replacement of the materials by 

autogenous or transplanted cells [145, 146]. Different materials have been processed into 

scaffolds for soft tissue engineering. Polylactic acid (PLA), polyglycolic acid (PGA) and the 

copolymer poly[lactide-co-(glycolic acid)] PLGA [147-150] are the most commonly explored 

synthetic materials. Collagen, silk fibroin, ECM secreted by hADSCs, decellularized human 

placenta, fibrin, gelatin, hyaluronic acid, and matrigel belong to the category of natural 

materials applied in this context [151]. Compared to synthetic polymers, the materials of 

natural origins, especially collagen and gelatin, offer clinically appropriate properties to mimic 

soft tissues. Collagen is abundantly present in native adipose ECM. It has been proved that 

both collagen and gelatin could support adipogenesis of stem cells [152-155].  

In this context, the aim of this study is to evaluate the potential of a 3D architectured gelatin 

based hydrogel (ArcGel), consisting of gelatin and lysine connected by urea junction units, as 

scaffold for adipose tissue regeneration. Given the low cytotoxicity of gelatin from natural 

origin, the ArcGel scaffold was expected to support hADSC adhesion and survival with high 

cell viability. The lower immunogenicity of gelatin [156] might decrease the risk of strong 

body reaction following implantation. The ArcGel showed a porous morphology, with the pore 

sizes of 272±114 μm in the dry state determined by SEM, which might allow for 

accommodating hADSCs and providing space for cell proliferation. The ArcGel might be 

suitable for adipogenic differentiation of hADSCs regarding its macroscopic mechanical 

property, as it showed an elastic modulus of 3.1 ± 0.2 kPa determined by oscillatory rheological 

measurement, which is compatible to human subcutaneous adipose tissue. The water uptake of 

the ArcGels was 983 ± 37 wt.%, and the ArcGel could degrade in vitro within a few weeks 

[157]. Therefore, the ArcGel might have potential advantages upon degradation in vivo, 

including providing more space for cell proliferation and adipose tissue development, and 

facilitating the replacement of the scaffold material by native tissue. To this end, the cell 

biocompatibility of the ArcGel for hADSC culture as well as its potential for supporting 

adipogenic differentiation of hADSCs were investigated in vitro. 
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2. Materials and methods 

2.1 ArcGel scaffold 

The gelatin based 3D architectured hydrogel (ArcGel) was prepared using a one-step approach 

as reported previously [157], in which the formation of an open porous morphology and the 

chemical functionalization were integrated. In brief, LDI (8-fold molar excess of NCO groups 

compared to NH2 groups of the gelatin) was added to a 10% aqueous solution of gelatin (Type 

A, 200 bloom, with low endotoxin content, GELITA AG, Eberbach, Germany) and PEO-PPO-

PEO triblock copolymer (Pluronic® F-108, Sigma-Aldrich Chemie, Steinheim, Germany) 

under mechanical stirring in a flat flange cylindrical jacketed vessel with bottom outlet valve 

(HWS Labortechnik, Mainz, Germany) at 45 °C. After 6 minutes the obtained ArcGel was 

collected and freeze-dried. To perform cell culture study, the dried ArcGel was cut into discs 

with 10 mm in diameter and 2 mm in thickness. Before cell seeding, the air inside the ArcGel 

samples was removed by infiltrating the samples into cell culture medium followed by a 

vacuum degassing process. 

2.2 Human adipose derived mesenchymal stem cells  

The hADSCs were isolated from human adipose tissue as described previously [99]. The 

adipose tissue was obtained by abdominal liposuction from a female donor after informed 

consent (No.: EA2/127/07; Ethics Committee of the Charité - Universitätsmedizin Berlin, 

approval from 17.10.2008). The hADSCs were cultured in the human adipose-derived stem 

cell medium (Lonza, Walkersville, MD, USA) at 37 °C in a humidified atmosphere containing 

5% CO2, and the medium was changed regularly to maintain cell growth.  

2.3 Cell distribution and migration in ArcGel 

For seeding hADSCs on ArcGel, the disc-shaped scaffold was first put into the 48-well tissue 

culture plate (TCP). Then, 5×104 cells suspended in 500 μL growth medium (Lonza, 

Walkersville, MD, USA) was added into each well. After culturing the cells for 4 days and 14 

days, the samples were washed with PBS and fixed using 4 wt% paraformaldehyde 

(ThermoFisher Scientific, Waltham, USA) then permeabilized with 0.1wt% Triton X-100 

(Sigma–Aldrich, St. Louis, MO, USA). After blocking with 3 wt% BSA solution, ActinRed™ 

555 (Life Technologies, Darmstadt, Germany) and SYTOX Green Nucleic Acid Stain (Life 

Technologies, Darmstadt, Germany) were used to stain F-actin and nuclear, respectively. The 

stained samples were scanned on a confocal laser scanning microscope (LSM 780, Carl Zeiss, 

Jena, Germany) using the mode of z-stack multilayer scanning, and the images were processed 
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using ZEN 2012 software (Carl Zeiss, Jena, Germany). A longitudinal sectional view of the 

samples was achieved by cutting the samples before scanning, in order to investigate the cell 

migration in the scaffold. 

2.4 Cell proliferation 

The proliferation rate of hADSCs in the ArcGel scaffold was measured using a cell count kit 

(CCK-8) (Dojindo Molecular Technologies Inc, Munich, Germany) at indicated time points. In 

brief, for each well the old medium was replaced with 500 µl of fresh medium, followed by 

adding 50 µl of CCK-8 solution. After 2 hours of incubation at 37 ºC, 100 µl of medium/CCK-

8 mixture was transferred from each insert into a transparent 96-well tissue culture plate, and 

the absorbance was measured at a wavelength of 450 nm and a reference wavelength of 650 

nm using a microplate reader (Infinite 200 PRO, Tecan Group Ltd., Männedorf, Switzerland). 

A standard curve, which was generated by measuring the absorbance of a series of samples 

with known cell numbers, was used to calculate the number of hADSCs in the ArcGel. 

2.5 Cellular apoptosis 

Cellular apoptosis test was conducted to study the apoptotic rate of cells cultured in ArcGel. 

Following cell seeding in the scaffold, the caspase-3/7 activation, which is a key marker of cell 

apoptosis, was measured at day 1, 4 and 7 using a Caspase-Glo @ Kit (Promege, Madison, 

USA). In brief, the culture medium was replaced with new medium (360 μL/sample), followed 

by adding Caspase-Glo@ 3/7 reagent (300 μL/sample) and shaking orbitally at 300 rpm for 30 

seconds. After incubation for 90 min at room temperature, 200 μL liquid in each sample was 

transferred into 96-well TCP and the luminescence intensity was measured using a microplate 

reader (Infinite 200 PRO®, Tecan Group Ltd., Männedorf, Switzerland). The result was given 

as relative light units (RLU) normalized with cell number, which was measured by CCK-8. 

2.6 Adipogenic differentiation 

The cells were seeded on the scaffold and cultured in adipose-derived stem cell growth medium 

for 14 days. Then the medium was replaced with adipogenic induction medium (Life 

Technologies, Darmstadt, Germany) for adipogenic differentiation. After 14 days of adipogenic 

induction, the samples were fixed with 4 wt% paraformaldehyde, followed by Oil Red O 

(Sigma–Aldrich, St. Louis, MO, USA) staining to detect the lipid droplets in the adipogenically 

differentiated cells[158]. Further, FABP-4 immunostaining was performed to quantify the 

adipogenically differentiated cells in the scaffold. In brief, after 21 days of adipogenic 
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induction, the samples were fixed with 4 wt% paraformaldehyde and permeabilized with 0.1 

wt% Triton X-100 solution. Then, the cells were blocked with 3 wt% BSA and stained using 

rabbit anti-human FABP-4 monoclonal antibody (Merck Millipore, Darmstadt, Germany) and 

Alexa Fluor® 488 labeled IgG antibodies (Life Technologies, Darmstadt, Germany). Cell 

nuclei were stained by SYTOX Green Nucleic Acid Stain (Life Technologies, Darmstadt, 

Germany). The stained samples were scanned with a confocal laser scanning microscope (LSM 

780, Carl Zeiss, Jena, Germany) using the mode of z-stack multilayer scanning, and the images 

were processed using ZEN 2012 software (Carl Zeiss, Jena, Germany). Then, the cells were 

counted to calculate the percentage of differentiated cells (FABP-4 expressing cells/total cells 

× 100%). 

In addition, the expression level of FABP-4 protein was determined using ELISA. The cells 

were washed with PBS and lysed using cell lysis buffer (ThermoFisher Scientific, Waltham, 

USA) after 14 or 21 days of induction in ArcGel. The amount of FABP-4 was measured using 

a FABP-4 ELISA kit (Abcam, Cambridge, UK) according to the manufacture introduction. The 

experiment was performed in triplicates. The hADSCs cultured on TCP and/or in growth 

medium were included as controls. 

2.7 Statistics 

ArcGel samples from three batches and hADSCs from one donor were used in this study. The 

number of replications was larger than three as indicated in the figure legend of Fig. 2 and 4. 

The results were expressed as mean ± standard deviation (SD). Statistical analysis was 

performed using independent-samples T-test and a significance level (Sig.) <0.05 was 

considered to be statistically significant. 

3. Results 

3.1 Cell distribution and migration into the ArcGel  

After 4 and 14 days of cultivation in growth medium, the cells were stained to investigate the 

cell distribution and migration into the ArcGel. The cells could attach and spread on the scaffold. 

The density of cells on the material surface increased with the culture time, as shown in top-

view images of day 4 and day 14 (Fig. 1 A), indicating the cell growth on the scaffold. Further, 

the cells could migrate into the scaffold after cell attachment, due to the high porosity of the 

ArcGel. After 4 days of cultivation, the cells migrated into the scaffold for 840±120 µm; and 

after 14 days, the cells distributed in the whole scaffold with a thickness of 2 mm (Fig.1B).  
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Fig. 1. The distribution and migration of hADSCs into the ArcGel. hADSCs were cultured in 

the ArcGel for 4 days and 14 days followed by fluorescence staining to visualize the actin 

cytoskeleton (red) and nuclei (blue). (A) Top-view images showed hADSCs could attach and 

grow on the ArcGel surface (bar = 100 µm). (B) Longitudinal section-view images indicated 

the hADSCs migration into the ArcGel (bar = 500 µm). 

3.2 Cell proliferation and apoptosis  

Cell proliferation in the ArcGel was studied by quantifying the cell number at different time 

points (Fig.2A). The scaffold showed a high capacity for allowing hADSC proliferation. After 

7 days of cultivation in grow medium, the fold increase of cell number was 2.55 ± 0.08.  After 

10 days, the fold increase of cell number reached to 5.75 ± 0.42. In order to study the influence 

of ArcGel scaffold on cell apoptosis, the apoptotic level was evaluated at day 1, 4 and 7 

(Fig.2B). A decreasing tendency of cell apoptosis level was observed in all groups, i.e. ArcGel, 

TCP+ArcGel and TCP. There was no significant difference of apoptotic level in the tested three 

groups.  
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Fig. 2 Cell proliferation and apoptosis in ArcGel. (A) Proliferation of hADSCs on ArcGel. (B) 

The apoptosis of hADSCs on different substrates. (ArcGel: cells seeded on ArcGel; TCP+ 

ArcGel: cells seeded on TCP, with ArcGels added to the culture medium; TCP: cells seeded 

on TCP) (n = 3) 

3.3 Adipogenic differentiation of hADSCs in ArcGel 

The ADSCs could differentiate into adipocytes in the ArcGel in adipogenic induction medium. 

Similar to the cells on TCP, the formation of lipid droplets was observed in hADSCs in ArcGel 

after 14 days of adipogenic induction, as shown in oil red O staining images (Fig. 3). The 

quantification of FABP-4, the marker of adipogenic differentiation, indicated a high 

differentiation rate of hADSCs in ArcGel. Around 93 ± 1% hADSCs were FABP-4 positive, 

based on the fluorescence images of stained cells (representative images in Fig. 4A). The 

images of longitudinal section-view showed that even the cells inside the ArcGel underwent 

differentiation (Fig. 4B). This result was confirmed by FABP-4 quantification using ELISA. 

After 21 days of cultivation in adipogenic induction medium, hADSCs in ArcGel presented 
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similar FABP-4 expression level as those cultured on TCP, and was higher than that after 14 

days of induction (Fig. 4C). The cells did not undergo differentiation in normal growth medium 

in either ArcGel or TCP, indicating that there was no spontaneous differentiation. 

 

Fig.3 Oil red O staining of adipogenically differentiated hADSCs in ArcGel (A) and on TCP 

(B) after 14 days of cultivation in adipogenic induction medium. 

 

Fig.4 FABP-4 expression of adipogenically differentiated hADSCs. Top-view (A) and 

longitudinal section-view (B) images of FABP-4 expressing cells in ArcGels. Cells were 

cultured in adipogenic induction medium for 21 days followed by immunostaining (red: FABP-
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4; blue: nuclei) (C) The quantification of FABP-4 expression of cells cultured in ArcGel, or on 

TCP (AM: adipogenic induction medium; GM: growth medium; n= 3; *Sig< 0.05). 

4. Discussion 

In this study, we show that ArcGel could serve as a promising scaffold for adipose tissue 

regeneration, attributing to its high cell compatibility for hADSC cultivation and adipogenic 

differentiation. The scaffold was produced using gelatin, which contains Arg-Gly-Asp (RGD) 

sequences that promote cell adhesion and proliferation [159, 160]. Gelatin is soluble in aqueous 

solutions at ≥ 35-40 °C, and its mechanical strength could be improved through crosslinking 

by glutaraldehyde [161], or genipin [162], or by promoting the reaction of gelatin functional 

groups using agents such as 1-ethyl-3-(3’-dimethylaminopropyl) carbodiimide hydrochloride 

(EDC) [163]. However, some of these crosslinking agents are highly toxic, which might lead 

to cell death caused by crosslinker residuals. Here, L-lysine diisocyanate ethyl ester (LDI) was 

employed as starting material that reacts with amino groups in gelatin and with water under 

decarboxylation, giving rise to the formation of direct crosslinks and of oligourea crosslinks 

and grafts, all adding to the stabilization of the system [164]. IR spectra of the final, washed 

ArcGels did not display bands indicative for unreacted isocyanate groups. The hADSCs could 

attach on the ArcGel and exhibit the typical MSC morphology. The cells could proliferate on 

the scaffold without alteration of their adipogenic differentiation potential. These results 

indicated high cell compatibility of ArcGel for hADSC culture and differentiation. Apoptosis 

is the programmed cell death, by which the cell undergoes intentional suicide [165]. Apoptosis 

can be initiated through different pathways. In the intrinsic pathway, the cells die because they 

sense cell stress, while in the extrinsic pathway the cells underwent apoptosis upon receiving 

signals from other cells [166]. Here, we investigated the apoptosis of hADSCs seeded directly 

in the ArcGel and in the ArcGel leached medium (culturing cells in TCP with the presence of 

ArcGel in medium). The apoptotic rate of hADSCs in the ArcGel and in the ArcGel leached 

medium were similar to that of cells cultured on tissue culture plate, suggesting that no strong 

cellular apoptosis was induced by either the ArcGel or the small molecules resulting from 

ArcGel degradation.  

In addition to the chemical properties, physical properties of the scaffold material could affect 

stem cell behavior and fate. For example, the materials stiffness could specifically direct stem 

cell differentiation lineage [19, 167], while the porosity, pore size and pore interconnection 

have been shown to directly affect cell migration, proliferation, differentiation, microvascular 

formation, oxygen and nutrients supply, as well as the exchange of metabolites [168-172]. 
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Therefore, these parameters are important in the criteria of scaffold design. The elastic modulus 

of the ArcGel determined by rheology was 3.1 ± 0.2 kPa, which was relatively compatible with 

the human subcutaneous adipose tissue with an initial modulus of 1.6 ± 0.8 kPa measured by 

tensile testing [173]. Therefore, the ArcGel with such an elasticity at the macroscopic level 

might facilitate the differentiation of ADSCs towards adipogenic lineage. The parameter of 

local elastic modulus at the microscopic level is also critical for stem cell differentiation, as 

demonstrated in our previous work that the stiffer ArcGel with local elastic modulus of 1250 

± 140 kPa could promote in vitro osteogenic differentiation of MSCs and in vivo bone 

regeneration [157]. The ArcGel used in the present study had a local elastic modulus of 55 ± 

30 kPa as measured by AFM indentation test [174], which was much lower than that of the 

osteogenesis-promoting ArcGel. Accordingly, a higher level of adipogenic differentiation of 

hADSCs was observed in the ArcGel of this study. However, it should be noted that the ArcGel 

used here is still stiffer than adipose tissue [175], suggesting the potential flexibility to regulate 

hADSC differentiation by tuning the ArcGel mechanical properties, i.e., decreasing the 

elasticity of the ArcGel by reducing the LDI amount might be able to further improve its 

potential for ADSC adipogenesis. The high porosity with appropriate pore size of ArcGel could 

provide enough space for hADSC accommodation, proliferation and differentiation. The pore-

pore interconnection could allow for cell migration. Accordingly, the hADSCs seeded on 

scaffold surface migrated into the inner part of the scaffold and distributed in the whole scaffold 

after 2 weeks of culture. This result is of great importance for applying ArcGel in adipose tissue 

reconstruction. The ArcGel would not only facilitate the in vitro preparation of homogeneously 

stem cell-loaded 3D scaffold but also allow for the migration of autogenous cells into the 

scaffold after implantation which might accelerate the process of soft tissue reconstruction. 

Notably, as revealed by our previous work [99], the pores merged during ArcGel degradation, 

resulting in the formation of new, larger and round pores but retaining the integrity of the 3D 

porous structure. These results suggested that at subsequent phase after implantation the 

ArcGel scaffold might be able to offer more space for cell proliferation and guide adipose tissue 

development. 

hADSCs isolated from human aspirated fat tissue exhibit strong proliferation and adipogenic 

differentiation potential in vitro. The scaffold materials loaded with ADSCs must be able to 

support adipogenic differentiation of the cells to contribute to adipose tissue reparation. In this 

context, the adipogenic differentiation of hADSCs in ArcGels was assessed. When cells were 

cultured in growth medium, no adipogenic differentiation was observed, indicating that the 
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ArcGel could maintain hADSC stemness and did not induce spontaneous differentiation. When 

adipogenic induction medium was applied, the hADSCs in the scaffold differentiated into 

adipocytes with a high efficiency (93 ± 1%). These results suggested the potential of the ArcGel 

to be used for adipose tissue reconstruction. According to the clinical requirement, different 

treatment approaches might be flexibly adopted: (i) direct implantation of the ArcGel, which 

might facilitate the adipogenic differentiation of autogenous ADSCs, (ii) implantation of the 

ArcGel pre-loaded with ADSCs, which might undergo adipogenic differentiation in the body, 

(iii) implantation of the ArcGel pre-loaded with adipogenically induced ADSCs.  

5. Conclusion 

In this study, a 3D gelatin-based hydrogel (ArcGel) was evaluated for hADSC cultivation and 

adipogenic differentiation. The ArcGel showed high cell compatibility for hADSC adhesion, 

spreading and proliferation. The cellular apoptosis level of hADSCs in ArcGel was similar to 

that on tissue culture plate. The high porosity of ArcGel with appropriate pore size could allow 

for hADSC accommodation and provide space for cell proliferation. Importantly, the pore-pore 

interconnection facilitated cell migration in the ArcGel. The hADSCs in the ArcGel could 

maintain their stemness in growth medium, and undergo adipogenic differentiation with a high 

efficiency in adipogenic induction medium. Conclusively, the ArcGel presented high cell 

compatibility for hADSC cultivation and differentiation, which could serve as a potential 

implant material in clinical applications for adipose tissue reparation and regeneration. 
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Discussion  

The functions and fate of stem cells are regulated by various stimuli dictated by the 

microenvironment including soluble factors, matrix- mediated cues as well as cell-cell 

interactions [1].  It is widely accepted that the stem cell behaviors and phenotypes, including 

proliferation, migration, apoptosis, senescence and differentiation are significantly influenced 

by the soluble factors (growth factors and cell-secreted cytokines) [2]. Recently, accumulating 

evidence indicated that physical cues presented by the microenvironments played an important 

role in regulating stem cell behaviors and fate. Physical cues include substrate stiffness, surface 

topography and external dynamic force. In this thesis, the mechanism how substrate microscale 

topography influences human bone marrow mesenchymal stem cells (hBMSCs) lineage 

commitments was investgated. For the cultivation of hBMSCs, PC was selected as material for 

the perpetration of the inserts with different surface topographies. In chapter II, the behaviors 

of hBMSCs on PC surface were evaluated for verifying if  PC cell compatibility was good 

enough for maintaining hBMSCs proliferation, secretion and differentiation potentials. In 

chapter III, hBMSCs were cultured on PC inserts with different topographic surfaces, and then 

the osteogenic and adipogenic differentiation of hBMSCs on different surfaces were tested. 

Furthermore, the mechanism of surface topographical cues influence hBMSCs differentiation 

was investigated. In chapter IV, human adipose tissue-derived stem cells (hADSCs) were 

seeded on 3D architectured gelatin based hydrogels (ArcGel), and the influence of AreGel local 

E-modules and microstructure on hADSC proliferation, migration, and senescence as well as 

differentiation behaviors were evaluated.  

In chapter II, we found that PC showed high cell compatibility for hBMSC adhesion and 

spreading, and hBMSCs on PC presented similar senescence level compared to that on TCP, 

but PC promoted inflammatory cytokines and pro-angiogenic factors secretion of hBMSCs. In 

our study, the PS and TCP (PS with surface modification) were used as negative and positive 

control as the previous study had demonstrated that there were similar E-modules (16 ± 4GPa 

VS 13 ± 2 GPa) of PS and PC [3]. The wettability of PC is higher than that of PS  (PC: 85 ± 8o 

VS PS: 99 ± 5o). The surface wettability greatly affects the cell adhesion, which was 

reconfirmed by the different cell adhesion level of hBMSCs on PC and PS.  This can be 

attributed to the polar carbonate groups existing in PC, which regulates the protein adsorption. 

The lower wettability of PS resulted in the cell clusters formation of hBMSCs on PS surface 

(chapter II, Fig. 5). The spreading state of cells on the material surface directly affects cell-cell 

interaction and the paracrine level of cells. The analysis of secretion result showed that the 
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paracrine level of hBMSCs on PS surface was significantly higher than that on PC surface 

(chapter II, Fig. 4). This result was consistent with a previous study, in  which the formation of 

cell sphere would enhance secretion of factors that mediate inflammatory and immune 

responses [12]. Substrate surface chemical groups regulate surface wettability and further 

mediate proteins adsorption onto the surface in different ways [4]. L. Hao and coworkers[5] 

found that for hMSCs adhesion the contact angle of substrate surface was best at 46o and for 

mMSCs at 73o. Now it is widely accepted that surface wettability regulates protein adsorption 

and then modulates stem cell adhesion, further influencing stem cell migration and secretion 

as well as differentiation behaviors. However, Y. Arima and coworker found the stem cells on 

the surfaces with same wettability but different chemical functional groups have different 

adhesion manners [6]. Those indicated that the surface chemical groups not only influenced 

surface wettability but could also directly regulate stem cell behaviors. Different chemical 

groups on surface could regulate protein adsorption ways, orientation, or even denaturation[7], 

which further influence stem cell behaviors. Carboxylic acid group (–COOH) promoted hMSC 

chondrogenic differentiation and phosphate functionalities (–OPO(OH)2) enhanced the 

osteogenic differentiation, whereas the hydrophobic tert-butyl functionality (–C(CH3)3) 

displayed higher levels of adipogenic markers [8]. These results were different from Curran`s 

research [9], in which–CH3 modified surface maintained the hMSCs phenotype,–SH and–

NH2 supported hMSC osteogenic differentiation, –COOH and –OH surfaces supported hMSC 

chondrogenic differentiation. This discrepancy might be caused by the different mechanical 

properties of the substrates. Here, the adipogenic and osteogenic differentiation potentials of 

hBMSCs on PC and PS surfaces were examined. The results showed that the hBMSCs were 

capable of maintaining their differentiation potential on PC and PS (chapter II, Fig. 5), which 

indicated that the difference of chemical properties between PC and PS surfaces was not 

enough to cause the change of BMSC differentiation potential. 

It is widely accepted that the mechanical cues of microenvironment play an important role to 

regulate stem cell behaviors and fate.  Controlling the stem cell behaviors and fate by 

engineered substrate topographical cues is an approach, which attracts growing interests of 

researchers. With the development of material fabrication technologies such as 

photolithography, self-assembling, 3D printing, chemical etching sandblasting and 

electrospinning, it is possible to create the precisly controlled nano/micro scale topographical 

cues on substrate surfaces, which would contribute to studying the topographical cues 

regulating cell behaviors and fate in vitro [10, 11]. There were some examples of regulating 
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cell behaviors and fate through engineering substrate topographical cues (chapter I, Table 1). 

With the deepening of the research on the mechanism of topographical cues regulating cell 

behaviors and fate, it was found that the topographical cues regulating focal adhesion formation 

played a crucial role in the processing. In our study, we investigated the influence of surface 

topographical cues mediated cell contraction force on nucleus.  The topographic surface 

promoted the F-actin polymerization and MLC activation as well as enhanced the cell 

contractility, which led to nuclei deformation (nuclei aspect ratio increased) (chapter III, Fig. 

2), promoted the mechanosensor factor YAP nuclear location (chapter III, Fig. 3) and elevated 

the lamin A/C expression (chapter III, Fig. 4). These results were consistent with previous 

reports [13-15]. The substrate’s physical cue mediated mechanical force is transmitted to 

nucleus via the linker of nucleoskeleton and cytoskeleton (LINC) complex, and lead to nuclear 

deformation and altering the permeability of nuclear pore complexes(NPC) as well as changes 

of nuclear lamina composition have been demonstrated and accepted. However, how the 

mechanical force further influences the genes expression is unclear. Here, the influence of 

mechanical force on the expression of H3K27me3 was investigated. The result showed that the 

increasing of mechanical force led to enhancement of global H3K27me3 (chapter III Fig. 5), 

which was consistent with previous study [16]. The upgradation of H3K27me3 means increase 

of chromatin compaction and depression of gene expression, which was different from the 

results of Downing report [17]. In their study, they found that the surface topographical cues 

enhanced the histone H3 acetylation and methylation, especially promoted the modification 

levels of H3K4me3 and H3K4me2 as well as global acetylation of H3, which indicated that the 

topographical cues mediated mechanical force opened and active the global chromatin and led 

to the nucleus was relatively soft [18]. The discrepancy might be caused by the different cell 

types, which were used in these studies. The multipotent stem/ progenitor cells (EPCs) and 

mice fibroblast cells were used in Downing`s and Le’s studies, respectively. In addition, there 

is difference of the mechanical force that was applied on cells in two studies. In Downing’s 

research the mechanical force was regulated by the substrate surface topographical cues, which 

was the internal static force generated by the cell itself [17]. In contrast, external dynamic strain 

force was applied to cells in Le’s experiment [16].  In addition to cell types, the different time 

of mechanical force applied on the cells also led to different cell behaviors. Tajik and coworkers 

[19] demonstrated that the external dynamic force applied on cells in a short time (minimum 

15 s) rapidly induced transcription. However, the long-term force application (12 h) can lead 

to enhancing of chromatin compaction and repressing transcription [16]. Except for the time 

period of mechanic force applied, the mechanical force led strain magnitude also modulated 
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the deformation of nucleus [20]. Moreover, the direction of mechanical force applied on cells 

could be another factor that regulates cells with different behaviors such as migration and 

differentiation. The external dynamic force strained the cells, which resulted in the increasing 

of H3K27me3, chromatin compaction and transcription repression as well as the nucleus 

stiffing [16]. However, the mechanical force compressed the cells, which led to increasing of 

histone 3 at the residue K4 (H3K4me3) trimethylation, softening the nucleus [21]. Therefore, 

the strain force and compression force applied on a cell would lead to different lineage 

commitments of stem cells. The dynamic compression has been shown to favor chondrogenic 

differentiation of MSCs in the absence of exogenous growth factor stimulation [22, 23], and 

the dynamic strain has been shown to enhance the expression of ligamentous/fibrogenic, 

osteogenic markers [24-26]. These research data demonstrate that the mechanical force 

(internal static and external dynamic) regulates cell epigenetic status is a very complicated 

process, which in turn depends on the cell type and the ways of force applied on cells. There 

were some previous studies about the mechanical stimuli affecting cell epigenetic status 

(chapter V table1). 
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Table 1: Example of studies about mechanical stimuli affecting cell epigenetic  

Substrate Cell source Mechanical stimuli  Highlights Ref. 

PDMS mFibroblast Microgroove Microgroove surface increased histone H3 acetylation and methylation, and promoted d 

mesenchymal-to-epithelial transition in adult fibroblasts. 

[17] 

Ti BMSC Hierarchical 

micro/nanoscale 

topography  

The titanium topographic surface elevated global level of H3K4me3, and increased H3K4me3 

levels at RUNX2 gene promoter, decreased H3K27me3 levels at the RUNX2 gene promoter, 

subsequently enhanced BMSC osteogenic differentiation. 

[27] 

TiO2 hADSCs Nanotube arrays TiO2 nanotubes accelerated osteogenic differentiation of hADSCs by enhancing methylation of 

histone H3 at lysine 4 (H3K4) at the promoter regions of osteogenesis-related genes by inhibiting 

a histone demethylase – retinoblastoma binding protein 2 (RBP2) 

[28] 

Graphene mFibroblasts Monolayer graphene film Graphene substrate significantly improved cellular reprogramming efficiency by inducing 

mesenchymal-to-epithelial-transition (MET), which affected H3K4me3 levels. 

[29] 

Si Cardiac 

progenitors 

Microgrooves (10 μm 

wide, 3 μm deep) 

Microgrooves substrate provoked an increase in histone H3 acetylation (AcH3) and enhanced the 

directed differentiation of cardiac progenitors into cardiomyocyte-like cells.  

[30] 

Glass NIH3T3 Fibronectin micropattern 

coating  

Micropattern confined the cell growth resulted the changes of nucleus and chromatin of divided 

cell (H3K4me3), further led to the progressive erasure of lineage specific characteristics and 

incorporation of pluripotency. 

[31] 

Silicone 

elastomer 

membrane 

EPCs Mechanical strain Force-driven leads to switch from H3K9me2, 3 to H3K27me3. Further, the accumulation of 

H3K27me3 affects the cell lineage commitments. 

[16] 

FN coated 

plate 

mESCs Shear stress (10 dyne per 

cm2/s−1) 

Shear stress enhanced the expression of H3K14ac as well as serine phosphorylation at position 10 

(S10) and lysine methylation at position 79 (K79), and cooperated with TSA, inducing acetylation 

of histone H4 and phosphoacetylation of S10 and K14 of histone H3. 

[32] 

BMSCs: bone marrow mesenchymal stem cells; mFibroblast: mice fibroblast; hADSCs: human adipose-derived mesenchymal stem cells; EPCs: 

human primary epidermal keratinocytes; mESCs: Murine ES cells (ES day 3); PDMS: polydimethylsiloxane; 
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Currently, the research about the mechanical force influencing stem cell epigenetic status 

mainly focused on the global histone modification; however, few studies investigated how 

mechanical force regulates specific gene expression. In our study, we studied the enrichment 

of H3K27me3 and H3K9ac on the promoters of osteogenic differentiation related genes 

(chapter III Fig. 6). The results showed that the mechanical force regulating gene expression 

via modulating the enrichment of modified histone was located on the specific gene promoters, 

which is consistent with other studies [27, 33]. However, how the mechanical force regulates 

the enrichment of modified histone located on specific gene promoters is still unknown, which 

needs further investigation. 

The substrate topographical cues’ influence on stem cell behaviors not only performs on the 

2D substrate, the topographic structure of 3D scaffold also affect stem cell behaviors. In chapter 

IV, the behaviors of hADSCs on 3D architectured gelatin based hydrogels (ArcGel) were 

evaluated. Compared with other 3D hydrogel scaffolds that were fabricated by synthetic 

polymer, ArcGel was produced using gelatin, which contains Arg-Gly-Asp (RGD) sequences 

that elevated the cell adhesion and proliferation. In a previous study [34], ArcGel(G10_LNCO3) 

presented a higher local modulus than the ArcGel(G10_LNCO8) that was used in this study, 

and the stiffer ArcGel(G10_LNCO3) showed preferential osteogenic differentiation of hMSCs 

compared to ArcGel(G10_LNCO8).  The elastic modulus of ArcGel that was used in this study 

was relatively compatible with the human subcutaneous adipose tissue, which facilitated the 

adipogenic differentiation of hADSCs in the ArcGel. The high porosity with the appropriate 

pore size of ArcGel was an important parameter influencing cell behaviors. Numerous studies 

found that the scaffolds implanted in vivo with pore sizes close to 300 µm could promote 

osteogenesis [35-37], and the small pore size (100 µm) was more favorable for MSCs 

chondrogenic differentiation [38], and increasing the scaffold macroporosity could promote  

angiogenesis in vivo [39]. These results indicate that the topology of the scaffold (pore size and 

porosity) not only influences the oxygen, nutrients and waste products transmission, cell 

migration and vascularization but also regulates stem cell fate. The pore size of ArcGel was 

272 ± 114 µm in dry state, which provided space for cell proliferation and migration. Notably, 

the pores merged during ArcGel degradation, resulting in the formation of new larger and round 

pores that offered more space for cell proliferation [34], which was confirmed by the cells 

distributing in the whole scaffold after 14 days of cultivation. 



 

93 
 

 

Fig.1 Proposed model of substrate topographical cues mediated cell contraction force 

regulating cell nuclear deformation and further influencing cell epigenetic status. The 

topographical cues enhance cell contractility, and then the mechanical force is transmitted to 

the nucleus via the LINC complex proteins and results in nuclear deformation (nucleus aspect 

ratio changing), changes the permeability of the nuclear pores (enhanced transcription factors 

nuclear location such as YAP), affecting the stiffness of nucleus (elevated lamin A/C 

expression). Furthermore, topographical force propagates into chromatin and leads to the 

chromatin compaction (upregulation of H3K27me3 expression), as well as modulates the 

enrichment of modified histone (such as H3K9ac, H3K4me3 H3K4me2 and H3K27me3) 

located on specific gene promoters and regulates the specific genes expression  ,subsequently,  

regulating cell behaviors and fate. 

Conclusion 

In conclusion, this thesis investigated the mechanism of surface microscale topographical cues 

regulated stem cell behaviors and fate (chapter V, Fig. 1). It was demonstrated that surface 

topographical cues regulated cell contractility, and topographical cues mediated cell 

contraction force further modulated cell nuclear deformation and histone modification level, 

thereby regulating gene expression and cell fate.  Our insight into the influence of mechanical 
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force on nucleus and epigenetic status changing, which may ultimately help studying other 

influence of other physical factors on targeted cells behaviors. A better understanding of stem 

cell response to material topographic surface preformed great potential of controlling stem cell 

behaviors via manipulating the materials topographical cues, which could maximize the 

potential of stem cells in application. 

Outlook  

Many studies now demonstrate that the substrate physical properties and mechanical 

stimulations could influence stem cell behaviors and fate, and the related mechanism are 

gradually becoming clear. However, there are still many questions that could not be answered. 

For example, how the mechanical force regulates specific transcription factors activation and 

nuclear translocation; how chromosome configurations are altered in response to the 

mechanical cues that from the microenvironment and how cell type-specific gene clusters are 

established during cellular differentiation, how the enable mechanosensitive regulation of gene 

expression. To answer these questions, deep research about the influence of mechanical force 

on cell nuclear deformation and alteration of chromatin structure needs to be carried out in 

future. 
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