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Abstract

:

Adipose-derived stem cells (ASCs) are a subpopulation of mesenchymal stem cells. Compared to bone marrow-derived stem cells, they can be harvested with minimal invasiveness. ASCs can be easily expanded and were shown to be able to differentiate into several clinically relevant cell types. Therefore, this cell type represents a promising component in various tissue engineering and medical approaches (e.g., cell therapy). In vivo cells are surrounded by the extracellular matrix (ECM) that provides a wide range of tissue-specific physical and chemical cues, such as stiffness, topography, and chemical composition. Cells can sense the characteristics of their ECM and respond to them in a specific cellular behavior (e.g., proliferation or differentiation). Thus, in vitro biomaterial properties represent an important tool to control ASCs behavior. In this review, we give an overview of the current research in the mechanosensing of ASCs and current studies investigating the impact of material stiffens, topography, and chemical modification on ASC behavior. Additionally, we outline the use of natural ECM as a biomaterial and its interaction with ASCs regarding cellular behavior.
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1. Introduction


Cells continuously interact at a high level with their surrounding extracellular matrix (ECM) in vivo and growth substrates or scaffolds in vitro and modulate their functional phenotypes to maintain homeostasis [1,2,3]. The surrounding material can provide cues that control migration, adhesion, proliferation, and even differentiation of the cells. These cues include physicochemical properties, such as surface topography, chemical modifications and composition, and mechanical properties. Next to the used biomaterial, the choice of a suitable cell source is crucial for success in tissue engineering approaches. Adipose-derived stem cells (ASC), a subpopulation of mesenchymal stem cells (MSC), represent a promising cell source regarding several tissue engineering aims. In contrast to the widely used bone marrow-derived MSCs, they can be isolated in higher numbers with less invasive techniques and can be differentiated into different cell-lineages, which are in strong demand for tissue engineering approaches [4,5]. In the context of cell-based therapies and tissue engineering, it is essential to understand how the physicochemical properties of material surfaces influence ASC behavior. In the last years, a great effort was made to investigate the interactions on the cell–material interface. Understanding these interactions would be a milestone in medical engineering and regenerative medicine by providing specific material designs, which would facilitate and promote tissue repair and regeneration. For tissue engineering, the challenge is to create an in vitro matrix, which promotes progenitor cell migration, adhesion, and proliferation and induces differentiation, extracellular matrix synthesis, and integration with host tissue. Therefore, the major approaches in developing new biomaterials are mimicking certain advantageous characteristics of the natural ECM of the specific cells. This review gives an overview of the current findings of ASC–material interaction, especially regarding the influence of physical and chemical properties and surface topography on the adhesion, proliferation, and differentiation of ASCs. The last part summarizes the current studies using natural ECM as a biomaterial and its impact on ASC behavior.




2. Adipose-Derived Stem Cells


MSCs are multipotent stem cells that can differentiate into multiple cell types of the mesoderm, such as chondrocytes, osteoblasts, and adipocytes, and non-mesenchymal cell lines, such as neuronal cells, cardiac cells, and skeletal muscle cells. MSCs can be isolated from a wide range of tissues including bone marrow, umbilical cord stroma, and adipose tissue [6]. They exhibit a spindle-shaped fibroblast-like morphology. According to the Minimal Criteria of the International Society of Cellular Therapy, MSCs have to be plastic adhered, exhibit tri-lineage differentiation potential (adipogenic, osteogenic, and chondrogenic), and express cluster of differentiation (CD)73, CD90 and CD105 [7].



ASCs are part of the stromal vascular fraction (SVF) of adipose tissue from where they can be isolated by enzymatic digestion [8]. The SVF of a tissue describes the entirety of all cells of blood vessels and stroma [9,10]. Despite defining ASCs is still a challenge, CD13, CD29, and CD44 count as the unofficial markers for ASCs [11]. Compared to widely used bone marrow-derived MSCs, ASCs have several advantages. For example, they exhibit a 2500-fold higher abundance and a higher differentiation and proliferation potential than bone marrow-derived MSCs. Furthermore, adipose tissue harvest is cheaper, safer, and less invasive compared to bone marrow aspiration [12,13]. However, also ASCs have some limitations regarding tissue harvesting. There is evidence that local anesthetic agents might negatively impact ADSC viability and quantity [14]. Furthermore, liposuction in summer should be avoided due to the risk of infections. Contrary, isolation from whole adipose tissue can be performed every time.



Cultured ASCs secret various immunomodulatory cytokines and growth factors that are relevant for cell therapy [15,16]. It can be suggested that when ASCs are transplanted into inflammatory regions, they actively secret these factors and significantly promote wound healing and tissue repair. This may make ASCs a powerful tool for use in future approaches in the development of cell- and tissue-based therapeutics. To date, there are several clinical trials in several research areas investigating the therapeutic potential of ASCs [17,18,19,20,21,22,23]. However, several points remain unclear. For example, the dependence of differentiation potential from the donor’s age, gender, and anatomic location of the fat source [24]. Despite these limitations, ASCs represent a promising cell source for adipose tissue engineering and regenerative medicine.



Crucial for the determination to differentiate into a particular cell type is the specific differentiation signals received by the cell. These signals can either be soluble factors in the cell culture medium or mechanical signals transmitted through matrix properties. The differentiation process involves a complex and highly orchestrated regulation of the expression of lineage-specific transcription factors (Figure 1). These “master transcriptional regulators” are PPARγ for adipogenic lineage [25], RUNX2 for osteogenic lineage [26], and Sox9 for chondrogenic lineage [27]. Lineage-specific differentiation can be determined by specific proteins. For chondrogenic differentiation, these include the important ECM genes Col2a1 and Acan, Col9a1, Col27a1, and Matn1 [28,29]. Adipogenic differentiation can be proven by proteins involved in insulin sensitivity, lipogenesis, and lipolysis, including fatty acid synthase (FAS), glucose transporter type 4 (GLUT4), lipoprotein lipase (LPL), fatty acid binding protein 4 (FABP4), perilipin, and adipokines [30,31,32,33,34]. Classical osteogenic markers include proteins, such as collagen type I, alkaline phosphatase (ALP), osteocalcin (OCN), and bone sialoprotein (BSP) [35]. Another important transcription factor involved in regulating osteogenic differentiation is the zinc-finger transcription factor osterix (OSX) [36].




3. Signaling Pathways of Cell-Matrix/Cell-Material Interaction


In all tissues, the occurring cells have close structural and functional connections to the surrounding extra cellular matrix (ECM)—a highly complex network of different protein fibers (collagen, elastin, reticular fibers), proteoglycans, and adhesion molecules filling the interspace between the cells. The ECM forms a three-dimensional scaffold that provides mechanical stability to the tissue. Adhesion is necessary for the expansion and differentiation of adhered cells, such as ASCs. It is well known that cells sense and response to the physical and chemical properties of their environment, which mostly results in the up- or downregulation of specific intercellular signaling pathways. These pathways control and modulate cellular behavior, such as adhesion, migration, proliferation, and differentiation. At the interface to materials, the cells interact mainly with the adsorbed proteins occurring in the surrounding culture medium or biologic fluids e.g., serum or blood. Different proteins exhibit different adsorption dynamics and further surface properties, such as topography and surface chemistry, change the absorption ability of proteins on the material. Therefore, the composition of the protein layer on the material and the resulting interaction with cells depends on the combination of the protein composition in the surrounding fluid and the physicochemical properties of the material itself (Figure 2A). The first binding of the cell, mediated by physical and chemical forces, is followed by receptor-mediated adhesion. These adhesion receptors are transmembrane receptors, such as integrins. Integrins are heterodimers consisting of an α and a β subunit. With its extracellular part, integrin binds to matrix proteins, including fibronectin or laminin, whereas the intracellular part binds to other proteins, such as paxillin and vinculin, forming focal adhesion contacts and interacting with the f-actin of the cytoskeleton. The interaction of integrin and matrix proteins is mainly mediated by specific amino acid sequences (e.g., arginine–glycine–aspartic acid; RGD) in proteins, for example, fibronectin and vitronectin [37]. It could be shown that activation of specific integrin subtypes by binding to matrix proteins is essential for cell fate [38]. For ASCs several studies showed an expression of integrin β1 and fibronectin binding integrin α4 and integrin α [9,39]. Sun et al. demonstrated that integrin α5 acts as a major regulator of osteogenic differentiation [40]. However, some discrepancies exist, which may trace back to differences in cell isolation and culture. Further, the part of the body from where the tissue was taken and the age of the donor may influence the surface protein expression profile. Different studies revealed an altered integrin expression during the differentiation of ASCs and the overexpression of specific integrins leads to the suppression of differentiation [41]. For adipogenic differentiation studies found a downregulation of α5 but an upregulation of α6 [41,42]. In line with this, studies found that the upregulation of α5 increases osteogenic differentiation [43,44].



Integrin binding and focal adhesion assembly induce actin polymerization and the generation of contractility of actin stress fibers (Figure 2B). Via focal adhesion and integrin-ECM binding, the stress fibers are in contact with the extracellular environment. A higher density of extracellular integrin ligands leads to the formation of larger focal adhesions and subsequent cellular spreading [45]. Stress fibers are actomyosin structures composed of crosslinked F-actin and myosin-2. Force generated by actomyosin contraction determines the shape of the cell, which affects cellular behavior. Cell contraction creates traction force by pulling the surface trough integrin binding sites leading to structural deformation of the ECM depending on stiffness. Its ECM supports this force and stronger integrin signaling is induced maintaining a positive feedback loop [46]. Nuclear mechanosensation is a key process in response to physical stimuli. Stress fibers are connected to the nuclear membrane, which enables the transmission of external forces or cytoskeletal tension, causing structural deformation of the nucleus [47]. Mechanical stresses can increase the tension of the nuclear membrane, the nuclear import and activity of transcription factors, histone modification, epigenetics, and chromosome condensation. Changes in the external environment, such as substrate stiffness, can regulate the expression of nuclear proteins that are strongly correlated with tissue-stiffness-specific stem cell differentiation [48].



Matrix-induced integrin-mediated intracellular tension and cell morphology are closely linked to cell fate. Osteogenesis is favored when cells can spread over a large area, and adipogenesis is promoted when cell spreading is impaired (Figure 2C) [49,50,51]. However, mechanical regulation of stem cell differentiation requires a certain level of intracellular tension. If the ligand density is too low, differentiation is suppressed regardless of the spreading of the cell [52]. Through the focal adhesion kinase, a tyrosine kinase that is activated in response to ligation of α and β integrin-subunits, focal adhesion contacts and integrin binding is connected to several intracellular signaling pathways, such as the Rho A/ROCK pathway, MAP kinase pathway, and Wnt/β-catenin pathway [53,54,55,56]. Several studies demonstrated that suppression of WNT/β-catenin and RhoA/ROCK signaling is essential for adipogenic differentiation [57,58,59,60]. In contrast, it is well shown that activation of the WNT/β-catenin and RhoA/ROCK pathway is important for osteogenic differentiation. Cellular morphology directly mediates RhoA activity, which leads to the activation of ROCK. Wide spreading of the cell and high integrin signaling activates ROCK creating intracellular tension by phosphorylation of myosin and initiating actin polymerization. ROCK further initiates the activation of downstream signaling pathways (JNK, MAPK, and FAK) associated with osteogenic differentiation [61]. Reduced intracellular tension inhibits RhoA activity and downstream signaling, which favors the adipogenic differentiation od ASCs. In the absence of Wnt signaling, β-catenin is continuously degraded. After activation of Wnt signaling, β-catenin accumulates and is translocated to the nucleus where is acts as a transcription factor and increases RUNX2 expression. Nuclear translocation of β-catenin is also enhanced by substrate stiffness, which induces osteogenic differentiation [62,63,64,65]. In addition to acting as an osteoinductive transcription factor, β-catenin acts as an inhibitor of adipogenic transcription factor PPARγ. Activation of β-catenin leads to the degradation of PPARγ and vice versa [66]. Furthermore, adipogenic transcription factor CEBPβ was shown to inhibit Wnt signaling [67]. However, the regulation of osteogenic differentiation through Wnt signaling seems to be a matter of timing [68,69]. Thus, the expression pattern of integrins and focal adhesion assembly plays a pivotal role in regulating cell behavior by the induction of cytoskeletal reorganization and several intracellular signaling pathways regulating morphology, adherence, proliferation, and differentiation [70,71]. Another signaling pathway involved in stem cell differentiation is YAP/TAZ. TAZ acts as a coactivator of RUNX2 while inhibiting PPARγ [72]. Translocation of YAP into the nucleus was shown to increase in response to physical stimuli. Mechanical stress applied to the nucleus increases nuclear membrane tension and expands nuclear pores, thereby promoting the inflow of YAP [73].




4. Influence of Material Properties on Adipose-Derived Stem Cell Fate


Next to the generally used soluble biochemical factors, the physical properties of the material the cells are exposed to play an important role in defining stem cell fate. Various methods have been used to determine cellular functions by changing cell adhesion through changes in the external substrates using micro- and nanosized topographies (e.g., pores and patterns), alterations in stiffness, and chemical modification. The cells sense the properties of their surrounding substrata and respond to them in various ways, including cytoskeletal reorganization, altered integrin expression, focal adhesion assembly, and epigenetic alterations. These effects further influence adhesion, differentiation, and proliferation (Figure 3).



4.1. Stiffness


The stiffness of a material is related to the loads (forces exerted on the material) and deformation (changes in shape). As it is independent of the structure, Young’s modulus is one of the most common measures of (bio)material stiffness. Materials that are stiffer and do not deform as easily exhibit a high Young’s modulus [74]. Cells of different tissues are surrounded by microenvironments with a wide range of mechanical stiffness. For example, Young’s modulus of adipose tissue is ~3 kPa and of bone tissue is ~10–20 GPa [75,76]. Classical cell culture materials do not fit the range of stiffness of soft tissues, such as adipose tissue or the brain. For the culture of the cells in a soft tissue-like environment, one has to use hydrogel materials. The most common hydrogel materials include alginate, gelatin, polyacrylamide, collagen, and PDMS. An upcoming promising hydrogel material for adipose tissue engineering is gellan gum [77,78,79]. Under pathophysiological conditions, tissue can exhibit altered mechanical properties. For example, tumor stroma is shown to be 5–20 times stiffer than healthy tissue [76,80].



The suggestion that mechanical cues play an essential role in tissue development is not new. In the late 1800s, Julius Wolff proposed that mechanical stresses play a critical role in normal bone development and adaption. A variety of current studies show that next to biochemical stimuli, biophysical cues, such as the stiffness of a substrate or matrix, plays an essential role in regulating ASC behavior. Several studies demonstrate that softer substrates enhance neuronal and adipogenic differentiation of ASCs, while increasingly stiffer substrates enhance myogenic, chondrogenic, and osteogenic differentiation (Table 1). Considering the influence on cell morphology a quite uniform picture emerges: on soft surfaces, spreading is decreased and cells exhibit a rounded shape, whereas on rigid surfaces ASCs exhibit more spreading and polygonal shapes. A similar picture can be observed considering proliferation: on soft materials, ASC proliferation is enhanced, whereas on rigid materials proliferation is decreased. Generally, it is difficult to compare the given stiffness in various publications as the values can vary depending on the method used for determination. In the last years, there has been a great effort to introduce standardized methods for the determination of the stiffness of tissue-engineered products, e.g., ASTM standards (ASTM F561-19, ASTM F2150-13, and ASTM D638-14) [76]. In this review, the values stated in the references are given for orientation. Furthermore, chemical characteristics of the material (e.g., functional groups and charge) might have an impact on ASC behavior that might cover the effect of the stiffness. As there was a wide range of different materials used in the studies comparison of the results is complicated.



To evaluate the influence of matrix stiffness on differentiation it has to be distinguished between studies using differentiation factors in culture medium and studies only using growth medium to investigate the influence of stiffness. It can be assumed that in studies using soluble differentiation factors, the differentiation was mainly induced by the chemical cues in the culture medium, which may cover the effects of the stiffness of the surrounding material. Major et al. found increased CEBPα expression in ASCs cultured on softer substrates (PPARγ was not affected) and upregulation of osteogenic genes RUNX2 and ALP [81]. They further investigated the combined effects of matrix stiffness (3 kPa and 35 kPa), shape (circle, rectangle, and square), and size (1000; 5000; 10,000 cm2) on adipogenic and osteogenic differentiation of ASCs. In this comprehensive study, they were not able to detect clear trends for the expression of specific differentiation markers depending on the investigated characteristics. Only for RUNX2, they found an increase of expression with increasing size on the 3 kPa matrix for all shapes. Shridhar et al. and Xie et al. found adipogenic differentiation on rather stiff substrates (36 kPa and 46 kPa), which is much more stiff than native adipose tissue [62,82]. This indicated that the soluble factors forced the ASC to differentiate into the adipogenic lineage instead of the matrix stiffness. Shridhar et al. used decellularized adipose tissue as a cultured substrate. Natural ECM is known to induce tissue-specific differentiation of stem cells by providing a combination of the tissue-specific composition of structural and chemical cues. Investigation of chondrogenic differentiation in the context of matrix stiffness is rare. This might be because classically chondrogenic differentiation protocols prescribe chondrogenic differentiation in pellets or spheroids. In this constellation, the cell–cell interaction is higher than the cell–matrix interaction and might diminish the effect of matrix stiffness. Teong et al. and Zigon-Branc et al. found chondrogenic differentiation of ASCs in hydrogels with a stiffness of 0.5–8 kPa with an upregulation of aggrecan and collagen type II [83,84]. For chondrogenic inducer SOX9, there are inconsistent results. A variety of studies found osteogenic differentiation on substrates with stiffness ranging from 7 to 1000 kPa. The ELP used in the study of Gurumurhy et al. gained interest as a material for wound dressing [85] indicating its use for soft tissues [86]. Newman et al. (3–5 kPa) and Betre et al. demonstrated adipogenic and chondrogenic differentiation of ASCs cultured in ELP materials [87,88].



Much more conclusive are studies investigating the effect of matrix stiffness without supplementation of soluble differentiation factors in culture medium. For these studies, a stiffness-depended differentiation can be observed: adipogenic differentiation at 0.5–5 kPa and osteogenic differentiation at 8.5–4500 kPa. Kim et al. investigated the differentiation of ASCs on GelMA hydrogels with stiffness gradients ranging from 3.5 kPa to 13 kPa [89]. They found a decrease in PPARγ expression with an increase in stiffness and a peak of MyoD expression at 10 kPa. Banks et al. found that the expression of osteogenic genes OCN, Col I, and ALP of ASCs cultured without factors in the medium are significant elevated at a polyacrylamide hydrogel stiffness of 37 kPa compared to 14 kPa and 5 kPa [90]. Further, they showed that osteogen-specific alkaline phosphatase activity significantly increases with increasing substrate stiffness. Conversely, adipogenic specific transcription factor PPARγ decreases with increasing stiffness. The working group of Guneta et al. obtained similar results [91]. They observed adipogenic differentiation at 3.5 kPa. However, they found osteogenic differentiation at 13 kPa, which is lower compared to Banks et al. This effect might occur due to other material characteristics, such as different pore sizes and porosity of the used AlgiMatrix®. Regarding adipogenic differentiation, these findings are in line with Young et al. who demonstrated adipogenic differentiation of ASCs on substrate stiffness of 2 kPa. Lee et al. compared ASCs and BM-MSCs regarding their response to different matrix stiffness [92]. They found that softer polyacrylamide hydrogels (0.5 kPa) lead to elevated Nile red staining intensity and high accumulation of lipid droplets in ASCs. In contrast, PPARγ expression as a marker for adipogenic differentiation is less influenced by substrate stiffness. Furthermore, they demonstrated that the influence of matrix stiffness is higher in BM-MSCs than in ASCs and in the absence of media supplements adipogenesis of ASCs is not significantly influenced by matrix stiffness. As there is a wide range of materials used for tissue engineering approaches it is difficult to compare different studies using different materials and culture parameters. Only a few studies investigated all three mesenchymal lineage makers. However, these studies draw a consistent picture of the induction of lineage-specific differentiation by substrate stiffness.



It has to be considered that the obtained results depend on the investigated differentiation markers. For example, in adipogenic differentiation, early markers are the transcription factors PPARγ and C/EBP, whereas lipid droplets occur at a later time point of differentiation. Assuming that matrix properties induce a differentiation, this process would take more time compared to medium-induced differentiation. Therefore, early markers, such as transcription factors may represent more dependable evidence. Also, the impact of the used batch of FCS in the growth medium should be considered. It is well known that different batches of FCS have a different impact on cellular behavior, including differentiation.



Due to the important role of integrin-mediated adhesion to the ECM in regulating cell behavior, different stiffness may lead to different cellular signals regulating differentiation. These pathways, which are known to regulate stem cell behavior, are the ERK-MAPK pathway, Wnt/β-catenin pathway, and RhoA/Rock pathway. Activation of these pathways seems to be connected with osteogenic differentiation, whereas inhibition may lead to adipogenic differentiation. An altered integrin expression caused by substrate stiffness may lead to activation or inhibition of the pathways resulting in osteogenic or adipogenic differentiation. As the studies show, different substrate stiffness allow altered spreading and subsequent changes in morphology. Zhang et al. demonstrated the downregulation of proteins of the Wnt/β-catenin pathway (β-catenin, cyclin-D, Lef-1) and RhoA/Rock pathway in ASCs cultured on softer materials and upregulation in ASCs cultured on stiffer materials [93]. Additionally, Xie et al. found the same expression pattern for β-catenin [62]. Further, there is evidence that the mechanical stiffness of the substrate influences the sensitivity of cells towards other exogenous factors, such as growth or differentiation factors in the culture medium [94,95,96,97].



Materials with similar stiffness to the native tissue enhance differentiation into the respective lineage. Soft material was found to favor adipogenic differentiation, whereas stiff materials favor osteogenic differentiation. For medium-range stiffness, enhancement of chondrogenic differentiation was shown.
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Table 1. Overview of the influence of substrate stiffness on ASC differentiation, adhesion, morphology, and proliferation. (PDMS: polydimethylsiloxane; ELP: elastin-like polypeptide; PTFE: polytetrafluoroethylene; PVA: polyvinyl alcohol; GO: graphene oxide; PEEU: polyetheresterurethane; ECM: extracellular matrix).
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Differentiation

	
Stiffness (kPa)

	
Soluble Factors

	
Material

	

	
Results

	
Ref.






	
Adipogenic

	
1.4–6

	
+

	
PDMS

	
2D

	
Spreading ↓, disorganized actin filaments, Oil Red O ↑, Rho A ↓, ROCK 1/2 ↓, proteins of Wnt/β-catenin pathway ↓

	
[93]




	
0.5

	
−

	
Polyacrylamide

	
2D

	
Spreading ↓, PPARγ n.a., Nile Red ↑

Neuronal: β3 tubulin ↑, MAP2 ↑

	
[92]




	
2

	
−

	
Adipose ECM functionalized polyacrylamide

	
2D

	
Rounded shape, spreading ↓, PPARγ ↑, CEBP ↑, ap2 ↑

	
[98]




	
3

	
+

	
Polyacrylamide

	
2D

	
CEBPα ↑

	
[81]




	
~4

	
−

	
GelMA

	
2D

	
PPARγ ↑

	
[89]




	
5

	
−

	
Polyacrylamide

	
2D

	
Oil Red O ↑

	
[90]




	
36

	
+

	
Decellularized adipose tissue

	
2D

	
Proliferation ↑, PPAR γ n.a., LPL ↑, adiponectin ↑; PLIN ↑, perilipin ↑

	
[82]




	
46

	
+

	
PDMS

	
2D

	
Spreading ↓, β-catenin ↓, Oil Red O ↑, PPARγ ↑, CEBPα ↑

	
[62]




	
Myogenic

	
~12

	
−

	
GelMA

	
2D

	
MyoD ↑

	
[89]




	
Chondrogenic

	
8

	
+

	
Methacylated hyaluronan

	
3D

	
Aggrecan ↑, collagen type II ↑, SOX9 ↓

	
[83]




	
Osteogenic

	
35

	
+

	
Polyacrylamide

	
2D

	
RUNX2 ↑, ALP ↑

	
[81]




	
37

	
−

	
Polyacrylamide

	
2D

	
ALP ↑, COL1A1 ↑, OCN ↑

	
[90]




	
53.6–134

	
+

	
PDMS

	
2D

	
Spreading ↑, polygonal shape, bundled actin fibers, Alizarin Red ↑, Rho A ↑, Rock 1/2 ↑, proteins of Wnt/β-catenin pathway ↑

	
[93]




	
61.8

	
+

	
ELP-collagen

	
3D

	
ALP ↑, osteocalcin ↑, Alizarin Red ↑

	
[86]




	
660

	
+

	
PTFE/PVA(/GO)

	
2D

	
Alizarin Red ↑, ALP ↑, RUNX2 ↑, osteoclacin ↑, osteonectin ↑

	
[99]




	
1000

	
+

	
PDMS

	
2D

	
Spreading ↑, β-catenin ↑, ALP ↑, RUNX ↑, OSX ↑

	
[62]




	
4500

	
−

	
Electrospun PEEU

	
2D

	
Osteocalcin ↑, ALP ↑, hydroxyapatite ↑

	
[100]










4.2. Topography, Geometry, and Pore Size


The ECM of different tissues provides different structures in the micro- and nanometer range, in which the cells perceive and react in a specific manner. By mimicking the nanostructures of the natural ECM, nano-topography, such as grooves, pits, fibers, and tubes, can serve as a cell-stimulating cues to affect the regulation of ASC differentiation. Concerning the adhesion of ASCs on different surface topographies, there is broad consensus that, on rough surfaces, adhesion is enhanced compared to flat substrates [101,102,103]. On planar surfaces, adherent cells generally spread. Nanotopographical structures inhibit the spreading of the cells by decreasing the available adhesion sites and subsequent decreasing of focal adhesions. For example, Yun et al. demonstrated an altered focal adhesion assembly in ASCs cultured on nanopillars of different sizes. They found a decreased area of focal adhesions on pillars with a higher diameter, which leads to a higher spreading of the cells [104]. Yim et al. found that on nanogrooves ASCs exhibit lower focal adhesion complexes and actin filament level, which mediates cell adhesion. However, the adhesion rate on nano-structured PS was higher than on a flat substrate. They further found that integrin expression on patterned substrates is decreased compared to nonpatterned substrates [105]. Mobasserie et al. demonstrated that the shape of the nanogrooves is crucial for adhesion and proliferation. They found that on grooves with sloped walls, cell adhesion is enhanced compared to square-shaped and v-shaped grooves. Additionally, they found that on v-shaped grooves, cell proliferation is higher than on the other grooves [106]. Nano-topography is also known to influence cell morphology through contact guidance depending on cell type and structure geometry. A variety of studies demonstrate that on nanogrooves, ASCs exhibit a spindle-like morphology and align to the groove orientation, whereas on flat substrates they exhibit a more spread morphology and not aligned growth. After adhesion, integrins activate various protein tyrosine kinases (e.g., focal adhesion kinase, src, alb), serine-threonine kinases (e.g., mitogen-activated protein kinase (MAPK) and protein kinase C), and GTPases of the Rho-family [53,55,107]. As mentioned above, it seems that RhoA activation plays a pivotal role in ASC differentiation by mediating the assembly of actin stress fibers in response to extracellular stimuli in the interplay with its downstream effector Rho-associated protein kinase (ROCK) [108,109]. One possible mechanism by which extracellular cues regulate stem cell differentiation involves the extracellular signal-regulated kinase (ERK)—MAPK pathway [110]. The inhibition of RhoA reduces ERK activity resulting in adipogenic differentiation and expression of PPARγ, whereas active RhoA enhanced it resulting in osteogenic differentiation [110,111]. Several studies showed that on structured surfaces ASCs are orientated in a specific manner. For example, on grooves or fibers, the ASCs adopt a spindle-like morphology and are orientated with the structure or at a specific angle to the structure. As mentioned, a spindle-like morphology leads to the activation of RhoA, which in turn activates the ERK-MAPK pathway. The MAPK pathway is known to regulate the proliferation and differentiation of osteoblasts and osteoprogenitor cells [111,112,113].



4.2.1. Nanogrooves and Nanofibers


A widely used and relatively simple nanostructure is nanogrooves or nanofibers applied on different substrates. Table 2 gives an overview of studies investigating the effect of grooves or fibers on ASC behavior. For this type of topography, only studies investigating osteogenic, myogenic, endothelial, neuronal, and tenogenic differentiation were found. No studies were found investigating adipogenic or chondrogenic differentiation. This might be due to the natural appearance of adipose tissue and cartilage, which do not exhibit the dominant fibrous/elongated structures compared to the other types of tissue. Further, it is known that fibrous/grooved structures lead to elongated morphologies activating the Wnt/β-catenin pathway and inhibiting adipogenic differentiation.



Five of the studies found an enhancement of osteogenic differentiation of cells cultured on aligned and random fiber structures. This effect can be observed with different materials, suggesting that topography is one of the main reasons. However, in four of these studies, differentiation was induced by soluble factors diminishing the influence of nanostructure. Calejo et al. investigated the ASC behavior on isotropic and anisotropic electrospun yarns. They demonstrated that ASCs cultured on isotropic fibers exhibited a higher ALP activity and Alizarin Red staining compared to ASCs on anisotropic fibers without the use of biochemical stimuli [114]. In a previous study from 2019, they showed osteogenic differentiation of ASCs on isotropic electrospun fibers modified with hydroxyapatite [115]. Hydroxyapatite exhibits similar chemical and structural characteristics as the inorganic bone components and, as it is known to have osteoinductive properties, it is a commonly used material for bone tissue engineering.



In the study of Ko et al. tissue sections of tendons were used as culture substrate, which may provide other natural signals, next to the topography, from the natural ECM influencing the cells [116]. Interestingly, they found no effect on RUNX2 expression indicating more osteochondral differentiation than osteogenic differentiation. Unfortunately, the expression of SOX9 as a chondrogenic marker was not investigated in this study. The supportive effect of ECM proteins was underlined by the findings of Chen et al. [117]. They cultured ASCs on randomly orientated electrospun PLGA/PLC fibers and found an upregulation of OCN, RUNX2, and OSX, whereas ALP activity and Col I secretion were not affected. These two factors were only elevated on fibers containing collagen I. Xue et al. investigated the differentiation potential of ASCs, BM-MSCs, and UC-MSCs on electrospun PCL nanofibers [118]. They demonstrated successful osteogenic differentiation of all three cell tapes with the highest potential in BM-MSCs, indicating an MSC source dependency for differentiation capacity. They found that in MSCs cultured on PCL nanofiber scaffolds expression of β-catenin is elevated. There is evidence that the activation of Wnt/β- catenin signaling induces osteogenic and suppresses adipogenic differentiation of ASCs via ROCK-mediated changes in the cytoskeleton, which up-regulates RUNX2 gene expression and suppresses PPARγ gene expression.



For endothelial and neuronal differentiation, grooves and structured network patterns are used instead of fibers. Shi et al. and Kim et al. demonstrated that nanogrooves enhance the endothelial differentiation of ASCs [119,120]. In the study of Kim et al., a complex method for generating sinusoidal grooves with different scales that cross each other was described as representing the natural shape of vascular structures. In general, fibers are more likely used for osteogenic, myogenic, and tenogenic differentiation, whereas grooves are used for endothelial or neurogenic differentiation. These structures tend to represent the natural shape or environment of the cells.
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Table 2. Overview of the influence of grooved and nanofiber topography on ASC differentiation. (PDA: polydopamine, PLGA: polylactide-co-glycolide (PLGA), PCL: poly caprolactone, PU: polycarbonate-urethane).
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Differentiation

	
Topography

	
Soluble Factors

	
Material

	

	
Results

	
Ref.






	
Osteogenic

	
Aligned fibers

	
+

	
Tendon

	
2D

	
Focal adhesion ↑, RUNX2 n.a., OPN ↑, COL I ↑, bone regeneration ↑

	
[116]




	
Line patterns

	
+

	
Graphene oxid

	
2D

	
Spreading ↑, Alizarin Red ↑, ALP ↑, OCN ↑

	
[121]




	
Fibers random

	
+

	
PLGA/PLC collagen I

	
3D

	
Randomly orientated, wide-spreading, proliferation ↑, OCN ↑, RUNX2 ↑, OSX ↑, ALP n.a., Col I n.a.

	
[122]




	
Nanofibers

	
+

	
PCL

	
3D

	
ALP ↑, BMP-2 ↑, RUNX2 ↑, Col I ↑, β-catenin ↑, Smad3 ↑

	
[118]




	
Isotropic fibers

	
−

	
PCL

	
3D

	
Proliferation ↑, ALP ↑, Alizarin Red ↑

	
[114]




	
Myogenic

	
Fibers aligned

	
+

	
PCL/PCU

	
3D

	
Proliferation ↑, myosin ↑, tropomyosin ↑

	
[123]




	
Endothelial

	
Grooves

	
+

	
Quartz

	
2D

	
Spindle-shaped morphology, proliferation ↑, PECAM-1 ↑, vWF ↑, VE-cadherin ↑, tube formation ↑

	
[119]




	
Dual-scale sinusoidal grooves

	
+

	
Polystyrene

	
2D

	
Proliferation ↑, ac-LDL ↑

	
[120]




	
Neurogenic

	
Network pattern

	
+

	
Graphene oxid

	
2D

	
Spreading ↓, Tuj-1 ↑, length↑

	
[121]




	
Grooves

	
+

	
PDA coated polystyrene

	
2D

	
Neurite length ↑, Tuj-1 ↑

	
[117]




	
Tendon

	
Nanofibers (663.5 nm)

	
+

	
PLGA

	
3D

	
Proliferation ↑, SCX ↑, TNC ↑, COL I ↑, TNMD ↑

	
[124]










4.2.2. Tubes, Pores and Pillars


Table 3 gives an overview of studies investigating the effect of tubes, pores, and pillars on ASC behavior. Lv et al. investigate the effect of TiO2 nanotubes on the osteogenic differentiation of ASCs. They found that ASCs seeded on nanotubes and cultured without soluble osteogenic factors in a culture medium differentiated into the osteogenic direction. Furthermore, they found that the optimal diameter of nanotubes for osteogenic differentiation was 70 nm [125]. These results are in line with Ehlert et al. who showed osteogenic differentiation of ASCs cultured on pores/tubes with 15–65 nm in diameter without biochemical stimulation [126]. It can be hypothesized that TiO2 nanotubes and -pores in a diameter range from 70 nm to 110 nm replicate the porous structure of bone and creates better conditions for osteogenesis, whereas bigger pores provide enough space for the increase of the cell during adipogenesis. On the other hand, pore sizes that are too big fail to provide the necessary cell–cell and cell–matrix interactions for differentiation. Lemos et al. used pores with a diameter of 112 µm in Silk-ECM-carbon nanotube hydrogels [127]. For the ECM component, they used osteogenic cell-derived ECM from ASCs. As several studies demonstrated the inductive properties of natural ECM it can be hypothesized that in this study the ECM plays an important role in the induction of differentiation. Yang et al. investigated the chondrogenic differentiation of ASCs cultured in gelatin hydrogels with random or structured pores [128]. They found that in structured pores, ASCs are more likely to build cellular spheres and, therefore, cell–cell contacts enhancing chondrogenic differentiation are demonstrated by elevated GAG production, aggrecan, and SOX9 expression. It is known that chondrogenic differentiation of ASCs is best by culturing the cell as a pellet. In this form, the cells experience most in vivo-like conditions in terms of nutrient supply, cell-cell interaction, and space.



Not only the dimension of the structure but also the type of the structure seems to have an impact on cellular behavior. Park et al. investigated the adipogenic, chondrogenic, and osteogenic differentiation of ASCs cultured on flat TCPS materials or with 200 nm pores or pillars [102]. They found the highest chondrogenic on flat surfaces, the highest adipogenic differentiation on porous surfaces, and the highest osteogenic differentiation on pillars. Next to the classical differentiation makers they investigated integrin expression and found an upregulation of integrin α6 on pores and an upregulation of integrin α5 and α2 on pillars. Integrin α3 is downregulated on both structures. These results underline the importance of integrin expression and interaction in differentiation.



Several studies demonstrated osteogenic differentiation of ASCs cultured on pillar structures of various diameters (20 nm to 33.8 µm) and different materials. However, it has to be considered that in most studies only osteogenic differentiation was investigated. The expression of adipogenic or chondrogenic differentiation was not determined. Mukhopadhyay et al. showed an upregulation of differentiation genes for all three mesenchymal lineages in ASCs cultured on nodular structures without differentiation factors in the cell culture medium [129]. This study raises the question if there is an upregulation of differentiation markers for all mesenchymal lineages in ASCs cultured on specific topographies without chemical inducers in the cell culture medium. They further showed restrained senescence (downregulation of p53 and p21) and epithelial transition (upregulation of CDH1 and CK-19) in ASCs cultured on nodular structures. As substrate material, they used honey silk fibroin, which can be considered a highly bioactive material and might affect the impact of the topography. Similar results are generated by Wang et al. who investigated the expression of osteogenic, chondrogenic, and adipogenic genes in ASCs cultured on nodular structures with a diameter from 92 nm to 267 nm [130]. They found inhibition of spreading and proliferation. Regarding lineage-specific genes, BSP was upregulated whereas RUNX2 and OPN (osteogenic) and adipogenic genes PPARγ and adiponectin were not affected. Chondrogenic genes aggrecan, SOX9, and COL II were upregulated. Thus, the culture of ASCs on the nodular structures sees to induce an osteochondrogenic differentiation whereas adipogenic differentiation was not induced. An unusual structure was used by Ramaswamy et al. who used nature-inspired nodular structures as culture substrates. They blotted the surface of parsley, rose, and daisy leaves or petal in hydroxyapatite resulting in islet-like structures, honeycomb structures, and pillar structures [131]. Determination of the osteogenic differentiation of ASCs cultured on top of these surfaces revealed the highest RUNX2 expression and ALP activity on pillar structures.
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Table 3. Overview of the influence of tubes/pores, pillars, and nodular structures on ASCs. (TiO2: titanium oxide, ECM: extracellular matrix, TCPS: tissue culture polystyrol, BCC: binary colloidal crystals).
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Differentiation

	
Topography

	
Soluble Factors

	
Material

	

	
Results

	
Ref.






	

	

	
15–65 nm

	
−

	
TiO2

	
2D

	
Proliferation ↑, ALP ↑

	
[126]




	
Osteogenic

	
Tubes/pores

	
70 nm

	
−/+

	
TiO2

	
2D

	
Adhesion ↑, proliferation ↑, ALP ↑, Alizarin Red ↑, RUNX2 ↑, OC ↑

	
[125]




	
108 nm

	
+

	
TiO2

	
2D

	
Alizarin Red ↑, SP7 ↑, BGLAP ↑, RUNX2 n.a., SPARC n.a., BMP2 n.a., ALP n.a.

	
[132]




	
112 µm

	
−

	
Silk-ECM-carbon nanotube hydrogels

	
2D

	
ALP ↑, RUNX2 ↑, OPN ↑, COL I ↑

	
[127]




	
Chondrogenic

	
100 µm

	
+

	
Gelatin hydrogel

	
3D

	
Proliferation ↑, GAG production ↑, aggrecan ↑, SOX9 ↑

	
[128]




	
Adipogenic

	
200 nm

	
+

	
TCPS

	
2D

	
Oil Red O ↑, FABP ↑, PPARγ ↑, GLUT4 ↑, integrin α6 ↑, integrin α3 ↓

	
[102]




	
Osteogenic

	
Pillars/nodules

	
20 nm

	
−

	
Silicon

	
2D

	
spreading ↓, Alizarin Red ↑, osteopontin ↑

	
[133]




	
200 nm

	
+

	
TCPS

	
2D

	
Kossa staining ↑, BSP ↑, OCN ↑, RUNX2 ↑, integrin α5 ↑, integrin α2 ↑, integrin α3 ↓

	
[102]




	
200 nm

	
−

	
Polyetherether-ketone

	
2D

	
Proliferation ↑, ALP ↑, RUNX2 ↑, OPN ↑, OCN ↑, Alizarin Red ↑,

	
[134]




	
200–400 nm

	
−

	
Polystyrene

	
2D

	
200 nm + 500–750 nm: spreading ↓, viability ↓

300 + 400 nm: spreading ↑, viability ↑

200–400 nm: OCN ↑, OPN ↑, ALP ↑, RUNX2 ↑

	
[135]




	
530 nm

	
−

	
Ti

	
2D

	
Alizarin Red ↑, ALP ↑

	
[136]




	
33.8 µm

	
−

	
Hydroxyapatite

	
2D

	
Proliferation ↑, ALP ↑, RUNX2 ↑

	
[131]




	
?

	
−

	
Hydroxyapatite

	
2D

	
Fibronectin absorbtion ↑, ALP ↑, BMP2 ↑, RUNX2 ↑, OCN ↑, OPN ↑, VEGF ↑

	
[137]




	
osteo-chondrogenic

	
92–267 nm

	
−

	
BCC

	
2D

	
Spreading ↓, proliferation ↓, BSP ↑, RUNX2 n.a., OPN n.a., AGG ↑, SOX9 ↑, COL II ↑, PPARγ n.a., adiponectin n.a.

	
[130]




	
adipogenic/chondrogenic/osteogenic

	
15 µm

	
−

	
Honey silk fibroin

	
2D

	
Spreading ↑, proliferation ↑, E-cadherin ↑, SOX9 ↑, RUNX2 ↑, PPARγ ↑, p53/p21 ↓, CDH1 ↑, CK-19 ↑

	
[129]









Regarding pore sizes, it can be assumed that for adipogenic differentiation it is important that the cell has enough space to adopt a rounded morphology and increase its size through lipid incorporation. Several studies demonstrated that chondrogenic differentiation is enhanced when the cells can accumulate. Thus, organized pores might be favorable to nodular or pillar topographies. Osteogenic differentiation seems to be enhanced by smaller pores and nodular or pillar structures, which might reflect the topographical features in native bone tissue.




4.2.3. Cell-Imprints


Next to the man-made structures, several studies investigated the effect of cell-imprinted structures on different substrates (Table 4). For this technique instead of artificial structures, living cells serve as a template. Interestingly, for this type of surface topography, there is a quit unique picture regarding induction of differentiation: cell-imprinted surfaces induce the differentiation into the lineage that was the template without the supplementation of chemical factors into the medium. Bonakdar et al. produced cell-imprinted PDMS molds of dedifferentiated and mature chondrocytes and cultured ASCs in a growth medium on these molds [138]. They found that cells adopt the morphology of the particular cells used as a template. Further investigation of gene expression revealed an increase of chondrogenic genes (Col II, aggrecan, SOX9) in cells cultured on chondrocyte-imprinted structures. Furthermore, they demonstrated the redifferentiation of semifibroblasts cultured on chondrocyte-imprinted surfaces into chondrocytes and the transdifferentiation of tenocytes cultured on chondrocyte-imprinted substrates. Keyhanvar et al. and Mashinchian et al. obtained comparable results using keratinocytes [139,140]. Babaei et al. demonstrated this effect for osteoblast-imprinted PDMS [141]. In this study, the effect was further enhanced by chemical modification with bone lysate. Interestingly the highest differentiation was found for the combination of physical treatment (Ar plasma) and chemical modification with bone lysate compared to physical treatment or chemical modification alone.



These studies underline the importance of cell adhesion and morphology in the signaling pathway of differentiation. Solely, the guiding to a specific morphology leads to the differentiation of ASCs into a specific direction. One advantage of this technique is that these complex natural structures can be produced in every cell culture lab without expensive devices or materials. The greatest limitation of this method is that it is only 2D cell culture possible and there are limitations in the materials that can be used. The materials have to be castable at temperatures and pH that do not damage cells. Furthermore, the target cells need to be stable enough to serve as a template. Especially for mature adipocytes, this might become difficult. Also, the loadability of pre-adipocytes has to be determined, as the incorporated lipid vacuoles make the cell instable. Nazbar et al. demonstrated that also maintenance of stemness can be achieved by the culture of ASCs on PDMS imprints of undifferentiated ASCs [142]. Cells cultured on ASC-imprinted PDMS exhibited impaired adipogenic (Oil Red O and PPARγ) and osteogenic (Alizarin Red and OCN) differentiation compared to non-patterned PDMS. This approach is interesting for the long-term expansion and preservation of stem cell characteristics of ASCs or other stem cells concerning cell therapy.
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Table 4. Overview of the influence of cell-imprinted structures on ASCs. (PDMS: polydimethylsiloxane.
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	Differentiation
	Imprint
	Soluble Factors
	Material
	
	Results
	Ref.





	Chondrogenic
	Chondrocyte-imprint
	−
	PDMS
	2D
	Col I ↑, Col II ↑, aggrecan ↑, SOX9 ↑,
	[138]



	Keratinocytes
	Keratinocyte-imprint
	−
	PDMS
	2D
	Cytokeratin 14 ↑, involucrin ↑, p63 ↑

keratin 10 ↑
	[139,140]



	Neurogenic
	Neuronal-like cell-imprint
	−
	Chitosan/polyaniline
	2D
	Spreading ↑, GFAP ↑, MAP2 ↑
	[143]



	Osteogenic
	Osteoblast-imprint
	−
	PDMS
	2D
	Proliferation ↑, ALP ↑, Alizarin Red ↑, RUNX2 ↑, OCN ↑, Col I ↓
	[141]



	Neurogenic
	Schwann cell-imprint
	−
	PDMS
	2D
	P75 ↑, S100 ↑
	[144]








The importance of cell morphology was underlined by studies investigating cell-imprints as culture substrates. There is a homogenous image of cell-imprints of differentiated cells that support differentiation into the respective lineage.





4.3. (Bio)Chemical Functionalization


Several studies demonstrated that on hydrophilic surfaces, adhesion and spreading of ASCs are enhanced [145,146,147]. A lot of used biomaterials, such as titanium or hydroxyapatite, are hydrophilic; however, many polymers used for tissue engineering are hydrophobic in their native state. Before cell seeding on these hydrophobic materials, surface modification is required to achieve sufficient cell adherence. One popular method to chemically functionalize surfaces is plasma treatment. Using different plasma results in functionalization with different chemical groups, such as NH2, COOH, CH3, or OH, which leads to hydrophilic surface properties. Kleinhans et al. demonstrated an altered MSC adhesion and focal adhesion assembly on polystyrol activated with different low-pressure plasma (NH3, CO2, AAc) [148]. They showed enhanced spreading and assembly of fibrillar adhesions on PS treated with NH3. Moreover, studies showed that different chemical and physical properties lead to the preferred adsorption of different proteins [149,150]. Depending on the composition of the cell culture medium and the surface characteristics, a distinct array of proteins is adsorbed on the surface that influences cellular adhesion by providing different attachment sites for the cells. In addition to the composition of adsorbed proteins, surface properties also influence the conformation of the adsorbed proteins affecting their biochemical functions. For example, Daum et al. demonstrated that hydrophilicity highly affects the conformational change of adsorbed fibronectin on oxygen plasma-treated PU surfaces. They found lower conformational change on more hydrophilic surfaces leading to higher adherence of primary endothelial cells [151]. Additionally, plasma treatment functionalization with ions or molecules is widely used to alter surface properties to enhance cellular attachment and regulate cellular behavior.



The simplest type of chemical surface modification is a modification with functional groups such as amine (-NH2), carboxyl (-COOH), and methyl (-CH3), using plasma technology (Table 5). For these modifications, there is surprising compliance for the results of investigating the influence on the differentiation potential of ASCs. Several studies found that amine-functionalization enhances osteogenic differentiation, whereas carboxyl-functionalization enhances chondrogenic differentiation and methyl-functionalization enhances adipogenic differentiation. Although in all studies soluble factors were used to induce differentiation, these corresponding results suggest an influence of the chemical functionalization on differentiation direction. This effect can be traced back to the different charges as a result of different functional groups and the subsequent impact on cell spreading. Amine functionalization leads to a positive and, therefore, hydrophilic surface that enhances the spreading of the cells. Carboxyl modification leads to spindle-like morphology and methyl modification leads to hydrophobic surfaces and subsequently rounded shape. As the morphology is closely linked to cell fate (spindle-like → osteogen/chondrogen; rounded → adipogenic), this explains the concordant results for the modification with functional groups.



Further, several studies demonstrated that also the modification of the surface with ions seems to be a promising tool in ASC differentiation (Table 5). Strontium is a widely used agent for stimulating osteogenesis. Aimaiti et al. demonstrated a dose-dependent effect of strontium in ASCs. Concentrations from 25 µM to 500 µM promoted osteogenic differentiation, whereas at concentrations from 1000 µM to 3000 µM, differentiation was inhibited and apoptosis was induced through ERK 1/2 phosphorylation accompanied by the downregulation of Bcl-2 and increased phosphorylation of BAX [152]. In line with the well-known osteoinductive effect of strontium, Kim et al. and Wei et al. found osteogenic differentiation of ASCs cultured on materials modified with strontium [153,154]. Next to the osteogenic markers, Kim et al. found the upregulation of Wnt and β-catenin. Furthermore, they found upregulation of integrin α2 and integrin β1 and 3. The upregulation of integrin α2 is in line with the findings of Park et al. who showed upregulation in ASCS cultured on nano pillar structures for osteogenic differentiation [102]. This effect in integrin α2 expression during osteogenesis was also found in other literature [155]. Bostancioglu et al. demonstrated that ASCs grown on modified hydroxyapatite, nano-coated with zinc/silver (Zn/Ag) or zinc/silver/copper (Zn/Ag/Cu), exhibit elevated ALP activity after 28 days of culture without supplements in the medium [156]. Focaroli et al. demonstrated chondrogenic differentiation using Ca/Co coated alginate beads without supplementation of chemical factors [157]. In this study, ASCs were encapsulated within the modified alginate beads providing a cartilage-like environment. The cells were not attached to a surface and can spread but have to keep a rounded shape within the hydrogel.



The classical way for chemical surface modification is coating the substrate or scaffold with synthetic or natural peptides or proteins to create in vivo-like circumstances. These include ECM proteins but also other peptides and polymers. Zhao et al. compared multilayers of collagen with hyaluronan (HA) or chondroitin sulfate (CS) [158]. They demonstrated enhanced proliferation, ALP activity, and expression of RUNX2 and Col I in ASC cultured on multilayers containing CS compared to HA. Thus, the type of GAG seems to have a great impact on cellular behavior.



Polydopamine is a relatively new material exhibiting antibacterial properties via amine structures and hydrogen peroxide that denature the bacterial cell membrane [159,160]. Polydopamine has been used extensively in the modification of various materials to generate novel material properties. It can stick to almost any substrate including metals, polymers, and extra hydrophobic surfaces. The chemical structure is rich in functional groups that can be used for further modification [161]. Kao et al. and Lin et al. demonstrated the osteogenic differentiation of ASCs cultured on PLA fiber mats and scaffolds modified with polydopamine [162,163]. Additionally, they found a pro-angiogenic effect of the polydopamine coating. For laminin, there is evidence to enhance neuronal differentiation. Lee et al. compared the differentiation capacity of ASCs and BM MSCs (see also Table 1). Next to the impact of stiffness, they found enhanced neuronal differentiation of ASCs cultured on laminin coating. Foldberg et al. investigated the differentiation (neurogenic, myogenic, chondrogenic, osteogenic, adipogenic, and endothelial) of ASCs cultured on PLA-coated glass substrates [164]. They found an extensive upregulation of myogenic genes MyoD and Myf5. This effect was further enhanced by patterned substrates exhibiting pore-like topography with a diameter of 250 nm.





[image: Table] 





Table 5. Overview of the influence of (bio)chemical functionalization on ASCs. (HAP: hydroxyapatite, PCL: poly caprolactone, PLA: polylactide, CS: chondroitin sulfate).
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Differentiation

	
Functionalization

	
Soluble Factors

	
Material

	

	
Results

	
Ref.






	
Osteogenic

	
NH2

	
+

	
polystyrene

	
2D

	
ALP ↑

spreading ↑, RUNX2 ↑

spreading ↑, focal adhesion ↑, ALP ↑, Col I ↑, OSC ↑

	
[165,166,167,168,169]




	
Strontium

	
+/−

	
Ti

HAP

	
2D

3D

	
Focal adhesion ↑, Integrin α2 ↑, Integrin β1/β3 ↑, RhoA ↑, proliferation ↓, ALP ↑, RUNX2 ↑, BSP ↑, OC ↑, Wnt ↑, β-catenin ↑

ALP ↑, BMP2 ↑, RUNX2 ↑, OCN ↑, OX ↑, VEGF ↑

	
[153,154]




	
Zink/Silver and zink/Silver/Copper

	
−

	
HAP

	
2D

	
ALP ↑

	
[156]




	
MgO

	
+

	
PCL

	
3D

	
Viability ↑, ALP ↑, calcium ↑, RUNX2 ↑, Col I ↑, OPN ↑

	
[170]




	
Graphene

	
−

	
Ti

	
3D

	
ALP ↑, bone regeneration ↑

	
[171]




	
Poly-dopamine

	
+

	
PLA

	
3D

	
Proliferation ↑, ALP ↑, OC ↑, Alizarin Red ↑, vWF ↑, Ang1 ↑

	
[162,163]




	
CS (+Col I)

	
+

	
Glass

	
2D

	
Proliferation ↑, ALP ↑, RUNX2 ↑, Col I ↑

	
[158]




	
Chondrogenic

	
COOH

	
+

	
Polystyrene

	
2D

	
RUNX2 ↑, Collagen II ↑

spreading ↑, focal adhesion ↑, aggrecan ↑, Col II ↑

	
[165,169]




	
Ca/Co alginate beads

	
−

	
Alginate

	
3D

	
Sox9 ↑, VCAN ↑, Coll II ↑

	
[157]




	
Adipogenic

	
CH3

	
+

	
Polystyrene

	
2D

	
Spreading ↓, migration ↑, PPARγ ↑,

	
[169]




	
Myogenic

	
PLA

	
−

	
Glass

	
2D

	
MyoD ↑, Myf5 ↑

	
[164]




	
Neurogenic

	
Laminin

	
−

	
Poly-acrylamide

	
2D

	
Β3-tubulin ↑

	
[92]









Surface functionalization with chemical groups affects its hydrophilicity and subsequent protein adsorption and integrin binding/signaling. Methyl groups were shown to provide a more adipogenic environment whereas amine groups were shown to enhance the osteogenic environment. Further, strontium ions are well known to support osteogenic differentiation. To generate a chondrogenic surrounding, functionalization with carboxyl groups was shown to play an important role.



Extracellular Matrix


Simplicity in generation, application, and processing are advantages of the use of single ECM proteins as a biomaterial. In vivo, all cells in all tissues are surrounded by different ECM proteins—the tissue-specific ECM. Therefore, it is implausible that one specific protein induces a specific direction of differentiation. Instead of one protein, it is more likely that a tissue-specific combination of different proteins triggers a specific cellular behavior. As the natural ECM is a complex network of various molecules, to date, it is not possible to rebuild the natural ECM. Thus, researchers focus on the use of natural ECM as a biomaterial. To date, this natural ECM can be generated in two ways: (i) decellularization of native tissues/organs (dECM) and (ii) generation of cell-derived ECM (cdECM).



As the ECM is the natural environment of the cells in tissues and provides a complex orchestrated set of physicochemical cues both—native dECM and cdECM—are popularly used biomaterials (Table 6). Natural ECM combines all types of tissue-specific characteristics: stiffness, topography, and chemical cues by ECM-bound growth factors and other signaling molecules [172]. Several studies demonstrated that tissue-specific ECM induces differentiation into the cell type matching the origin tissue or cell type of the ECM. Kim et al. investigated the use of decellularized muscle and tendon ECM for the bioprinting of the muscle–tendon junction zone [173]. They found upregulation of myogenic genes in ASCs cultured with muscle ECM and upregulation of tenogenic genes in ASCs cultured with tendon ECM without chemical differentiation factors. Moreover, the fabricated tissues exhibit well-aligned morphological structures. Tang et al. investigated the adipogenic capacity of decellularized adipose tissue compared to dermal tissue [174]. Interestingly, they found higher adipogenic differentiation using dermal ECM compared to adipose ECM in in vitro as well as in vivo experiments. In contrast, hydrogels decellularized ECM from various tissues were shown to induce and enhance the differentiation of ASCs into the respective lineage [175]. An important point in the use of ECM as a biomaterial is the processing of the ECM. Decellularization agents, such as SDS, are known to significantly affect ECM composition by destructing GAGs. Further, the use of different digestion enzymes (e.g., α-amylase, collagenase, and pepsin) for the preparation of ECM hydrogels has a great impact on ECM bioactivity [82]. Chemical modification of dECM allows the integration of additional functionalities [176]. However, chemical modification of native dECM alters the integrity of the natural structure of the ECM. In contrast, chemical modification of cdECM can be achieved by the incorporation of specifically addressable functional groups by metabolic glycoengineering [177,178]. This method allows the modification of cdECM with various molecules without affecting the chemical and structural integrity. For the effect of cdECM from different cell types on the ASCs’ behavior, there is great consensus. However, the induction of differentiation by chemical factors in the cell culture medium has a greater impact on ASCs than the ECM material.






5. Conclusions and Further Perspectives


Material properties are an important tool to influence ASCs’ behavior and fate. Table 7 gives an overview of the specific characteristics that can be identified to induce or enhance adipogenic, chondrogenic, or osteogenic differentiation. The most consistent results were found for material stiffness. As tissue stiffness changes during development, it would be interesting to investigate the influence of adjustable stiffness over the culture period.



However, the comparison of the different studies is complicated by using different materials, functionalization, and culture parameters, including a batch of FCS and culture time. Further results of the studies strongly depend on the determined outcomes. For example, gene expression is more sensitive compared to histological staining and is also able to detect differentiation in an earlier state. It seems that surface characteristics only enhance specific differentiation directions instead of inducing differentiation itself. Mostly, there are only individual studies investigating certain modifications, which makes it difficult and generalize the results. To make a clear statement, more extensive investigations should be made systematically examining the effect of individual characteristics and combinations of them. Moreover, these examinations should be made without induction of differentiation by soluble factors in the culture medium to exclude this influence. To achieve reliable results, the effect of material properties on differentiation into all of the three main differentiation directions (adipogenic, chondrogenic, and osteogenic) should be investigated.
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Table 7. Overview of material characteristics that support adipogenic, chondrogenic, and osteogenic differentiation of ASCs.
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	Differentiation
	Material Characteristics





	Adipogenic
	Softer materials (comparable to native tissue),

lager pores that allow rounded shape and lipid storage,

surface functionalization with methyl groups

adipose tissue-derived and pre-adipocyte-derived ECM.



	Chondrogenic
	Material stiffness in the medium range,

topography that allows the spheroid formation and chondrocyte imprint,

surface functionalization with carboxy groups

chondrocyte-derived ECM.



	Osteogenic
	Stiff materials, smaller pores,

aligned fiber/grooves and nodular or pillar structures and osteoblast imprint,

surface functionalization with amine groups or strontium

bone tissue-derived and pre-osteoblast-derived ECM.
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Figure 1. Differentiation potential of adipose-derived stem cells (ASCs): ASCs are multipotent mesenchymal stem cells that can be isolated from adipose tissue. ASCs can differentiate into mesenchymal cell lines such as osteocytes, adipocytes, and chondrocytes. There is also evidence for their differentiating potential into non-mesenchymal cell lines, such as endothelial cells, neuronal cells, and cardiac and skeletal myocytes. For each differentiation lineage, a specific “master transcriptional regulator” is identified. For adipogenic lineage it is PPARγ, for osteogenic lineage it is RUNX2, and for chondrogenic lineage it is Sox9. Lineage-specific differentiation can be determined by specific proteins that are listed in the boxes (created with BioRender.com). 
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Figure 2. Impact of material properties on the ASC behavior and involved signaling pathways. (A): Material properties, such as stiffness/elasticity, pore size/porosity, topography/geometry, and (bio)chemical functionalization (and subsequent protein adsorption) have a strong impact on ASC behavior by influencing cytoskeletal reorganization, integrin expression, and focal adhesion assembly. (B): Focal adhesion assembly that is induced by ECM interaction is transduced into the nucleus via stress fiber formation and their interaction with the nuclear membrane. Signal transduction into the nucleus impacts the activity of transcription factors, histone modification, epigenetics, and chromosome condensation. (C): Enhanced spreading of the cell leads to actin polymerization and an increase of intracellular tension and subsequent activation of osteoinductive signaling pathways Wnt/β-catenin, RhoA/ROCK, and YAP/TAZ. In contrast, reduced spreading leads to decreased intracellular tension and inhibition of osteoinductive signaling pathways which leads to adipogenic differentiation (created with BioRender.com). 
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Figure 3. Overview of the stiffness of different tissue and common cell culture and implant materials (created with BioRender.com). 
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Table 6. Overview of the influence of natural ECM from native tissue and cultured cells on ASCs.
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Tissue/Cell-Source

	
Soluble Factors

	
Material

	
Results

	
Ref.






	
Native

ECM

	
Muscle tissue

	
−

	
Bioink

	
Myogenic: α-smooth muscle actin ↑, myosin ↑

	
[179]




	
−

	
Coating/bioink

	
Myogenic: MyoD ↑, Myh2 ↑

	
[173]




	
Adipose tissue

	
−

	
Hydrogel

	
Adipogenic: Proliferation ↑, Oil Red O ↑

	
[175]




	
+

	
Hydrogel

	
Adipogenic: adiponectin ↑, FABP4 ↑, PPARγ ↑

	
[82,176,180,181]




	
Liver tissue

	
+

	

	
Hepatocyte-like: AFP ↑, PCK ↑, CYP ↑, CK-18 ↑

	
[182,183]




	
Dermis

	
−

	
Hydrogel

	
Adipogenic: PPARγ ↑

	
[174]




	
Tendon

	
−

	
Coating/bioink

	
Tendon: Scx ↑, Tnmd ↑

	
[173]




	
Bone

	
+

	
Hydrogel

	
Osteogenic: ALP ↑

	
[181]




	
Cell-derived

ECM

	
Pre-adipocytes

	
−

	
Coating

	
Adipogenic: PPARγ ↑, adiponectin ↑

	
[184]




	
+

	
Coating

	
Adipogenic: PPARγ ↑, FABP4 ↑

	
[185]




	
Pre-chondrocytes

	
+

	
Coating

	
Chondrogenic: Col IX ↑

	
[186]




	
Pre-osteoblasts

	
−

	
Coating

	
Osteogenic: Acan ↑, Col I ↑, ALP ↑, SPP1 ↑, Col IX ↑

	
[186]




	
Adipose-derived stem cells

	
+

	
Coating

	
Adipogenic: PPARγ ↑, CEBPα ↑

	
[187]
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