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Abstract  

In this work, I investigated the influence of different surfaces on stem cell proliferation 

and osteogenetic differentiation. Surface properties of biomaterials are important factors that 

influence cell fate such as cell adhesion, viability, proliferation and differentiation. Herein, 

mesenchymal stem cells (MSCs) were cultured on composite electrospun nanofibrous 

membranes with varied surface wettability for designed periods and cell morphologies, 

proliferation and viability were characterized via analysis methods such as Infrared 

attenuated total reflectance Spectroscopy (IR-ATR), scanning electron microscopy (SEM) 

and MTT cell proliferation assay. The expression of genes associated with osteogenesis, 

including bone sialoprotein (BSP), alkaline phosphatase (ALP), osteopontin (OPN) and 

osteocalcin (OCN) were measured by real-time RT-PCR on different time points. Through 

western blot analysis, ERK1/2 pathway was found to be responsible for the differentiation of 

MSCs on nanofibrous membranes with different wettability.  
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Chapter I: Introduction 

1.1 Background  

There are multiple factors that regulate cells adhesion, migration, proliferation and 

differentiation in the microenvironment adjacent to the cells.[1-6] The microenviroment is 

composed of the extracellular matrix (ECM), the extracellular part of animal tissue that 

provides structural support and transfers nutrition and gas [7]. Many studies have developed 

synthetic ECM as matrices to mimic the native tissue structure to direct cell dynamic 

activities and further regulate specific tissue regeneration[8-16]. Over the years, the important 

role of the scaffolds in cellular processes has been broadly investigated. [17-20] For example, 

Brodbeck et al [21] investigated the effect of anionic and neutral hydrophilic scaffolds in 

raising the apoptosis in macrophage/ monocyte and decreasing macrophage fusion. However, 

most studies investigating the biomaterials to regulate cell fate have been focusing on the 

influence of mechanical properties of the scaffold [22-27]. Since cells interact with the 

scaffold on the cell-scaffold interface, the interfacial properties of the scaffolds such as the 

interfacial energy, hydrophilicity and surface topography also play a key role in directing 

stem cell fate [28]. 

Over the years, interfacial properties have been entailed to play increasingly important 

roles on a wide area of cellular functions ranging from cell dynamic activities [29-33] to the 

functionalities of biomolecules [34, 35]. It is now comprehended that direction on the cells 

through scaffold pathway may be carried out via multiple physical mechanisms, such as ECM 

topography and matrices elasticity and stiffness. In order to better understand and study cell 

behavior through better designed synthetic ECMs, both in physical ways and molecular 

interactions may help in engineering tissue substitutes from stem cells. Apart from physical 
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regulators, chemical properties of the scaffolds may also play an important role in controlling 

cell motilities. For example, it was found that integrin binding specificity can regulate the 

effects of surface chemistry on osteoblast differentiation and thus elicit desired cellular 

activities by engineering materials.[36] Nevertheless, up to now, the role of interfacial 

properties such as wettability independent of functional groups and mechanical properties on 

stem cell fate and differentiation has not been widely examined. 

One of the challenges in understanding the effect of matrices interfacial properties has 

been simplifying its effects from those complex factors due to the bulk properties of the 

matrix. Here, we address the issue by designing tunable matrices in which the interfacial 

hydrophilicity/ hydrophobicity is regulated in a systematic manner by varying the mixing 

ratio of gelatin and polycaprolactone (PCL) electrospun nanofibrous membranes without 

altering the chemical functional group and mechanical properties of the matrix.  

 

1.2 Hypothesis and objectives 

In this project, I took advantage of a biomaterial design technique (electrospinning) to 

effectively produce a hydrophilic-hydrophobic composite environment to investigate the cell 

activities by tuning the wettability of the scaffold. The overall goal of the project was to 

regulate stem cell adhesion, motility and differentiation towards bone cells (osteogenesis) by 

varying the hydrophilicities of the composite electrospun nanofibres. Based on this goal, my 

hypothesis is that the interfacial hydrophilicity/hydrophobicity of the matrices, which 

determines how favorably (or unfavorably) the matrix interacts with the aqueous milieu, 

plays an important role in governing osteogenic differentiation of MSCs through ERK/12 

pathway. 

In order to realize this hypothesis, two objectives were set in steps: (1) to design and 
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fabricate a composite electrospun nanofibre with tunable wettability, low cytotoxicity and 

slow biodegradability and biocompatibility; (2) the mesenchymal stem cells (MSCs) 

differentiate towards osteogenesis based on different hydrophilicity through a specific 

pathway. 
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Chapter II: Literature Review 

Mesenchymal stem cells derived from bone marrow (MSCs) are well known because 

of their ability to self-renew and produce certain phenotype of cell lines.[37, 38] Therefore, 

they are one of the most promising cell sources for the regeneration or repair of injured and 

diseased tissues. A lot of research has been concentrated on designing principles enlightened 

by basic mechanisms of cell-matrix interactions. However, despite the outstanding potential 

clinical future of MSCs, the application is currently held back by barriers that must be swept 

away.[39] These obstacles may appear discouraging, but nature has strategies to surmount 

them in vivo. The application is promising to ultimately extend our understanding of extrinsic 

regulators of cell fate; meanwhile latest techniques which are versatile enough are widely 

studied to summarize features of stem-cell microenvironments down to molecular scale. [6, 7, 

40]  

Therefore a major goal is to develop new methods, using better designed biomaterials, 

that more intimately mimic the native tissue structure and functions and thus promote 

differentiation of pluripotent cells without sacrificing the nature properties. In vivo, MSCs 

dwell within informative, tissue-specific surroundings that physically localize them and 

maintain their stem-cell phenotype.[41, 42] The major feature of stem-cell microenvironment 

is ability to keep stem cells slowly divided during homeostasis by balancing the percentage of 

motionless and activated cells. Stem cells will escape from the microenvironment if the tissue 

is injured and then proliferate dramatically, self-renew and differentiate to reconstruct the 

tissue.[43] In addition to being clear about the biochemical regulating functions of the stem 

cells, it is important to realize that the biophysical/mechanical features of the 

microenvironment, such as matrix mechanical properties and topographical cues are 
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extensively investigated to clarify the role of microenvironment elements around stem cells. 

[44]  

Nowadays, though many clinical trials on animal models in which it has been 

qualified to inject stem cell engraftment in vivo are undergoing, only a few of the injected 

cells survived after several days or weeks. [45] Therefore to control stem cell migration, 

proliferation, and differentiation within complex in vivo surroundings is extremely 

challenging. As to the instinctive properties of plasticity and multilineage of stem cells are 

increasingly in need of regulating their growth, proliferation and differentiation. However, 

more evidence has indicated that a multiple series of extra environmental factors contribute to 

the overall control of stem cell motilities. In general, the regulation of stem cell fate has been 

attributed theoretically to genetic and molecular mediators such as growth factors and 

transcription factors. [46, 47] In particular, many fascinating studies showed an increasing 

cue on the vital feature of the native microenvironment such as the effect of ECM on stem 

cells with high attraction to the interactions between ECM ligands with receptors on the cell 

surface [48].  

 

2.1 Cell-niche interactions and in vitro recapitulation 

The niche refers to the in vivo microenvironment which has the ability to regulate 

stem cell self-renewal and differentiation. [49-51] There are three major components and 

interactions existing between cells and niche including growth factors, cell-cell interactions, 

and cell-matrix contacts. Growth factors added to culture or secreted by stem cells and their 

neighboring cells often play an important role in their effects on cell fate and embryonic 

development. Therefore growth factors are always strictly regulated in space and time. [52] It 

is necessary for viability that MSCs adhere to matrix or other cells because it is impossible 



6 

 

for individual cells to survive in suspension. Adhesive signals might be controlled as well as 

or better with artificial mimics. For example, in three-dimensional cultures, crosslinked 

hyaluronic acid (HA) hydrogels proved unique function in assisting ESC growth in 

undifferentiated masses which is possibly because that HA is a distinguished ECM natural 

polymer in embryonic development[53]. In culture, one way to control niche interactions in 

two dimensions is with topography of ECM prominency, which limits the modulating effects 

of matrix and cell contacts. Besides size control is also important to minimize gradients in 

physical or chemical factors such as oxygen that regulate stem cell fate [54]. The ECM not 

only influence cell adhesion and exhibits key cues to cells, but it also binds growth factors 

and thus limits their diffusion.  

 

2.2 Biochemical cues regulate stem cell fate 

Small molecules, regulating specific receptors in the signaling pathways, are 

emerging with distinct advantages for manipulating stem cell fates as valuable tools [55, 56]. 

These features allow temporal and flexible regulation of complex signaling interactions. 

Importantly, it is easy to control the effects of small molecules in a rapid and reversible way 

and they can be excellently mediated through changing concentrations and combinations of 

those small molecules. For example, regulating protein functions is much easier using small 

molecules than genetic management. Moreover, actually synthetic chemistry provide small 

molecules with theoretically unlimited potential for precisely controlling cell phenotypes for 

unlimited structure and functionality diversity, which could be widely studied by high-

throughput screening based on phenotype [57-59].  

Researchers have investigated several methods to automatically recognizing to screen 

in a molecular approach or combination of molecules that induce stem cell fate change [60-
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62]. For example, arrays made from 192 specific combination groups of ECM and signaling 

molecules have been screened onto slides containing a thin coating of polydimethylsiloxane; 

and epithelial cadherin, placental cadherin, and JAG1 (a ligand for the receptor NOTCH1) 

were each found to promote the transferring of mammary progenitor cells into myoepithelial 

or luminal epithelial phenotypes [62]. The designn of ECM molecules with biological related 

to stem-cell regulation is a critical approach towards defining the regulatory influences of the 

stem-cell microenvironmemt. Therefore biomaterials methods have been investigated to 

define the identity, concentration and patterns of soluble or ECM molecules singly and in 

combination. [63, 64] 

Based on the knowledge of mechanisms of neural development and hESC 

differentiation, Chamber and his colleagues [65] developed an efficient neural differentiating 

protocol for hESCs that avoids the conventional embryoid body formation and found that 

combination of SB431542 (TGFβ receptor inhibitor) and Noggin (a natural BMP antagonist) 

enhances rapid neural formation of more than 80% of hESCs in a monolayer manner. Those 

two signaling pathway inhibitors appear to react together to destabilize self-renewal of hESCs 

and prevent cells from differentiating into trophectoderm, mesoderm, and endoderm lineages. 

This study indicated that it can be achieved that directed ESC differentiated toward a specific 

lineage by deliberately combining the inductive signals for the desired cell lineage and the 

inhibitory signals blocking ESC self-renewal and their differentiation toward undesired 

lineages. 

Chemical approaches have been particularly useful for accelerating differentiation 

process, increasing differentiation efficiency, and normalizing different differentiation 

propensity [66]. Chemical approaches could accelerate transferring of stem cell research into 

clinical application. First, chemical approaches could mediate stem cell fate and function in 

vitro using robust tools to precisely trigger safe, homogenous, and functional cells for cell 
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therapy in a sufficient number. Many issues in cell-based therapy even with transplantable 

cells, including immune-related ones, cell homing, engraftment, and long-term maintenance 

of transplanted cells’ functions in the target tissue remains challenging. But to develop and 

manufacture cell-based therapy typically is more complicated and such therapy also more 

expensive for patients than conventional small-molecule and protein therapeutics. On the 

other side, chemical approaches also offer a supplementary method by directly modulating 

tissue-specific stem/progenitor cells in vivo for therapeutic purposes. [67-69] 

 

2.3 Cell shape regulates stem cell fate 

Among all the regulators of cell fate, cell shape is outstanding in cell growth and 

physiology [70] and related to many activities in embryonic development and stem cell 

differentiation. For example, changes in cell shape have been considered as a promising 

mechanism that controls myocardial development [71], while the growth and differentiation 

of capillary endothelial cells are partially regulated by ECM-caused changes in cell shape 

[72]. Many studies of the influence of cell shape on cellular differentiation are investigated 

along with the designation of three-dimensional culture networks, in which generally a more 

rounded, spheroidal cell morphology is induced compared to traditional two-dimensional 

culture systems. Extending this mechanism to stem cells, many researches have proved that 

stem cell fate can be influenced artificially by directing their shape using artificial ECM. For 

instance, when culturing chondrocytes on a flattened 2D surface, the cells become to 

“dedifferentiation” status and a shift from a chondrocytic  phenotype to a more fibroblastic 

phenotype was observed [73]. However those cultured on a 3D system using pellet culture 

[46] or by encapsulation in a gel such as hyaluronic acid or alginate maintains their normal 

phenotype [74]. A number of researches have evidenced that it is necessary to possess a 
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rounded cell shape in order to obtain the differentiation of stem cells into a chondrocytic 

phenotype [2, 75, 76]. It is verified that a more rounded nuclear shape was relevant to the 

greatest expression of molecular markers corresponding to controgenesis with comparisons of 

cell and nuclear shape of MSCs [77]. Same as to murine embryonic stem cell-derived 

embryoid bodies maitained in 3D environment in poly (ethylene glycol) (PEG)-based 

hydrogels were also observed to be important up-regulation of cartilage-related markers 

compared to a 2D culture environment [78]. However when use the same medium and fibrin 

or gelatin as a matrix, which possesses similar mass properties but allow cell adhesion and a 

spread shape in 3D environment, results in a fibrochondrogenic phenotype [79].  

Apart from physical control of shape, part of the effects may be caused by altered 

adhesive interactions between the cells and substrate, although many studies have controlled 

for such effects. The effects of cell shape on cellular signaling seem to extend well beyond its 

influence on adhesion signaling alone [5, 80]. The interactions between many external and 

internal factors that influence cell shape are varied and complicated and may involve 

relatively long-term interactions with the niche, as well as more acute changes because of 

physical factors such as mechanical or osmotic stress [29, 77, 81, 82]. 

The mechanisms behind of which cell shape regulates stem cell fate have been 

explored in fancy techniques that deposition of micropatterned proteins on a substrate, thus 

precisely governing the area of cell attachment. In artificial systems, the effect of a 3D cell 

morphology can be further modified by the presence of transforming growth factor beta 1 

(TGF-β1) [78] or interactions between cell surface receptors and ECM molecules [83]. Some 

studies have depicted a novel approach that the shape of MSCs can be dynamically modified 

in hydrogels created from photodegradable poly (ethylene glycol)-based scaffolds [84]. 

MSCs enclosed in a densely crosslinked gel exhibited a rounded morphology but could be 

elicited to a spread shape by reducing the crosslinking level of the gel via photodegradation, 



10 

 

so that controlled temporal changes could occur in the physical interactions between cells and 

hydrogles. 

 

2.4 Biophysical cues regulate stem cell fate 

Whether in vitro or in vivo, cells not only generate cellular force and are also often 

exposed to forces from either intrinsic or extrinsic environment. Both those forces can 

influence stem cell fate. Most researches have proved that surface mechanical properties 

could have significant influence on cell proliferation and especially differentiation. Early 

proof of the fact that ECM stiffness can influence cell differentiation was noticed in studies 

showing qualitatively that mouse mammary epithelial cells showed increased differentiation 

when grown on soft collagen gel substrates, as opposed to tissue culture plastic [85]. 

Mechanical deformations or strains are common in solid tissues such and imposing substrate 

strains of only 5% can cause MSCs differentiation toward smooth muscle [86]. Myogenic 

markers are upregulated when MSCs are cultured on hard scaffolds that mimic the elasticity 

of muscle and coated with collagen I, meanwhile when MSCs are cultured on hard gels that 

mimic precalcified bone, the cells show osteogenic differentiation [18]. Cells that attach to a 

matrix have been displayed to employ contractile forces, causing tensile stresses in the 

cytoskeleton[82]. Moreover, the relationship between these forces and the mechanical 

stiffness or elasticity, of the ECM can have a major influence on cell behaviors such as 

migration [3, 87], apoptosis [88] and proliferation [89]. Added induction factors can broaden 

or oppose this programming MSCs by matrix, whereas cell lines that are already committed 

to muscle or bone appear less responsive to the same cues. These later examples suggest not 

only physical attribute to differentiation but also carefully made materials can help prime the 

expansion of specific progenitors. 
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Cells grown on soft matrigel or on matrigel copolymerized with heat-denatured 

collagen exhibited reduced expression of actin and focal-adhesion plaque as compared to 

cells remaining in a monolayer pattern on rigid matrigel coat or on matrigel copolymerized 

with type I collagen [90]. In other cell phenotypes, myoblasts were grown on collagen strips 

attached to glass or polymer gels of differing mechanical stiffness. While the fusion of 

myoblasts into myotubes was found to be independent of substrate stiffness the development 

of actin/myosin striations occurred only on gels that had properties similar to those of normal 

muscle [91]. 

Most studies have been concentrating on the assumption that the mechanical 

properties of the native ECM have a significant influence on stem cell lineage specification. 

MSCs grown on multiple compliant polyacrylamide gel were found to have alterable 

properties related to the stiffness of the matrix, i.e. harder substrates induced cells with higher 

stiffness such as osteoblasts. Softer matrix (~100-500 Pa) inhanced neuronal differentiation, 

whereas stiffer matrix (~1,000-10,000 Pa) leaded to glial differentiation. Cell spreading, self-

renewal, and differentiation were inhibited on soft matrix (10 Pa), whereas the cells grown on 

matrix with larger moduli more than 100Pa displaying upregulation of a neuronal marker, 

beta-tubulin III, on matrix that had the approximate stiffness of brain tissue. Moreover, the 

stiffness of the matrix governed the differentiation directions of the MSCs: soft substrates 

that mimic the mechanical properties of brain tissue were found to have neurogenic 

differentiation, substrates of intermediate stiffness that mimic muscle were myogenic 

differentiated, and relatively hard matrix with bone-like properties were found to be 

osteogenic differentiated [18]. Similarly, the effective stiffness of the underlying matrix has 

been observed to regulate the differentiation of NSCs [4].  

There are other studies showing that MSCs could be retained quiescent by growing 

them on polyacrylamide substrates that mimicked the properties of marrow [92]. MSCs 
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seeded meagerly on the gels showing pending progression through the cell cycle and could be 

triggered to re-enter the cell cycle when presented with a stiff substrate. These cells could be 

induced into adipogenic or osteogenic pathways as well when grown in the proper induction 

medium suggesting that a soft substrate mimicking the bone marrow niche can retain MSCs 

in a quiescent state while preserving their multilineage potential. An important conclusion of 

this research lied on the fact that mechanical signals from the elasticity of the ECM may 

serve as a critical factor in the bone marrow niche that allows the maintenance of MSCs as a 

supplier for a long period [92].  

Recent mechanical measurements of fibrotic scars that develop after an acute 

myocardial infarction [93] or with more chronic stimuli [94] show that the fibrotic tissue is 

locally rigidified by at least several-fold compared with normal tissue.  Rigid fibrotic tissue 

can contribute a homing signal. In a gradient of elasticity, cells thereby accumulate on stiffer 

matrix in a process of durotaxis, which might constitute a biophysical basis for why MSCs 

home to sites of injury and fibrosis. In vivo, when stem cells export from their niche into the 

circulation [95] or when stem cells are injected intravenously as part of a therapeutic regimen, 

fluid forces push and pull the cells. Recent models of a scar-in-dish have indicated that the 

well-studied differentiation of fibroblasts to myofibroblasts requires both a stiff matrix (more 

than 20kPa) and TGF-β, with growth factor released from the ECM dependent on cell 

contraction-driven unfolding of the ECM complex that sequesters the TGF-β [96]. 

It should be noticed in these studies that multiple tissues could have similar 

elasticities, and therefore it may be hard or impossible to define unique stem cell 

differentiation by a single serie of mechanical properties. This further emphasizes the 

complexity of the interactions between intrinsic and extrinsic properties of stem cells and 

their niche in determining their fate [97]. 
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2.5 Nano-biosystem interface regulate stem cell fate 

At the interface of nanomaterials and biological systems, the organic and synthetic 

fields combine to a new science concerned with the safe use of nanotechnology and 

nanomaterial design for biological applications. The nano-bio interface comprises the 

dynamic physicochemical interactions, kinetics and thermodynamic exchanges between 

nanomaterial surfaces and the surfaces of biological components such as proteins, membranes, 

phospholipids, endocytic vesicles, organelles, DNA and biological fluids [98, 99]. Cells have 

the capability to discern micro- and even nanoscale geometric cues from their environment. 

Such cues may represent differences in molecular composition, surface topography or 

roughness, fibre diameter, or other parameters. Cell alignment is observed to be similarly 

influenced , from which the directional growth and differentiation of adult rat hippocampal 

progenitors cultured  on micropatterned polystyrene substrates chemically modified with 

laminin exhibited over  75% alignment in the direction of the grooves, as well as significantly 

increased expression of neuronal markers [100]. These results indicated that the 3D 

topography of the matrix, together with matrix composition, can facilitate neuronal 

differentiation and neurite alignment. Furthermore, cells seem to be able to direct such 

architectural cues extends to nanoscale topographical features. MSCs seeded on nanoscale 

grooves of 350 nm width displayed alignment of their cytoskeleton and nuclei of MSCs along 

the grooves [101]. A significant up-regulation of neuronal markers such as microtubule-

associated protein 2 was noticed on those substrates when compared to un-patterned and 

micropatterned controls. While the combination of such nanotopographic cues with 

biochemical cues such as retinoic acid further enhanced neurogenesis, nanotopography 

showed a stronger effect compared to retinoic acid alone on an un-patterned surface. 

Previous studies have proved that the precise spacing between nanoscale adhesive 
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islands on a substrate can modulate the clustering of the associated integrins and the 

formation of focal adhesion and actin stress fibres and , in this way, control the adhesion and 

spreading of cells [102]. The mechanisms with which nanotopographic cues influence stem 

cell proliferation and differentiation are not well studied but appear to involve changes in 

cytoskeletal organization and structure, potentially in response to the geometry and size of the 

underlying features of the ECM.  Changes in the feature size of the scaffold may influence 

the clustering of integrins and other cell adhesion molecules, thereby altering the number and 

distribution of focal adhesions. Gerecht et al. have used polydimethylsiloxane (PDMS) 

grating to induce the alignment and elongation of embryonic stem cells [103]. They also 

found that nanotopographic cues diversified the organization of various cytoskeletal 

components, including F-actin, vimentin, and α-tubulin, and the observed changes in 

proliferation and morphology were abolished by the effect of actin-disrupting agents. The 

nanotopographic features of the ECM have been shown to alter the morphology and 

proliferation of human embryonic stem cells through cytoskeletal-mediated mechanisms. 

Alternatively, the influence of nanotopographic features may be mediated through secondary 

effects, such as alterations in the effective stiffness perceived by the cell or differences in 

protein adsorption due to the structural features of the matrix. 

The interface between nanomaterials and biological systems comprises a dynamic 

series of interactions between nanomaterial surfaces and biological nanoscale or 

nanostructured surfaces. These interactions are shaped by a numerous of forces that could 

ascertain whether the nanomaterial is bioavailable and may participate in biocompatible or 

bioadverse interactions. Investigating these various interfaces demands new ideas and 

imaging techniques. [104] 
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Chapter Ⅲ: Materials and Methods 

3.1 Materials  

Polycaprolactone (PCL, Mw=80,000), gelatin (type A from porcine skin), 2, 2, 2-

trifluoroethanol (TFE) and glutaraldehyde (GA, 25% in H2O) were all obtained from Sigma-

Aldrich. Dulbecco Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS), phosphate 

buffered saline (PBS) and trypsin-ethylenediaminetetraacetic acid (EDTA) were purchased 

from Gibco. Mouse bone marrow derived mesenchymal stem cells (MSCs) were purchased 

from the American Type Culture Collection (ATCC, USA). 

 

3.2 Fabrication of electrospun nanofibrous membranes 

The polymer solution with concentration of 6 wt% was prepared by dissolving PCL and 

gelatin with a weight ratio of 100:0 (PCL only) (G0P10), 70:30 (G3P7), 30:70 (G7P3) and 

0:100 (gelatin only) (G10P0) in TFE and magnetically stirred for 24 hours at room 

temperature. The solutions were electrospun from a 22-gauge syringe with a needle diameter 

of 0.4 mm and mass flow rate of 1 ml/hr. A high voltage (12kV) from a high voltage power 

supply (Harvard Apparatus, BTX ECM600 Electroporation System) was applied to the tip of 

the needle attached to the syringe when a fluid jet is ejected. Polymer solution was ejected 

from the needle tip towards a plate collector which was covered with aluminum foil. The 

needle was located at a distance of 10cm from the ground collector. All membranes were 

obtained after 8-12 hr of fibre deposition. The fibrous membranes were cut and shaped into 6 

mm in diameter. 
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The thickness of the gelatin/PCL nanofibrous membranes was measured with the aid of a 

micrometer (Mitutoyo, Japan) and their apparent density and porosity were estimated through 

the following equations [105]: 

Gelatin/PCL nanofibrous membrane apparent density (g cm
-3

) 

=       (1) 

Gelatin/PCL nanofibrous membrane porosity (%):  

= ( )  100%     (2) 

The electrospun gelatin/PCL nanofibres were crosslinked by exposure to the vapor of 

glutaraldehyde in dark drawer for 24 hr at room temperature. The crosslinked nanofibres 

were then repeatedly washed with double-distilled water and air dried at room temperature. 

 

3.3 Characterization of nanofibres 

3.3.1 Contact angle measurement 

The water contact angles of the nanofibrous membranes were determined by a sessile 

drop method at room temperature (20°C) using contact angle meter (CAM100, KSV 

Instruments Ltd.). A 4 μl droplet of deionized water was dropped onto the flat surface of 

fibrous membranes. The contact angles which are the angles measured through water drop, 

where the water/air interface meets the solid scaffolds, indicating the wetting ability of the 

membranes were measured automatically. All samples were prepared in triplicate and the 

results were shown as a mean value ± standard deviation. 
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3.3.2 IR-ATR spectroscopic analyses 

Chemical analysis of the nanofibrous membranes (all four groups, i.e. G10P0, G7P3, 

G3P7 and G0P10) before crosslinking were carried out by Infrared attenuated total 

reflectance (IR-ATR) spectroscopy (Avatar 380, Thermo Nicolet, Waltham, MA, USA) over 

a range between 4000 and 400 cm
-1

 at 2 cm
-1

 resolution averaging 100 scans. 

 

3.3.3 In vitro degradation 

The nanofibrous scaffolds were cut into 1 × 1 cm
 
in size for in vitro degradation testing. 

The membranes were weighed and then kept in phosphate-buffered saline (PBS, 0.1M, pH 

7.6) and Dulbecco modified Eagle’s medium (DMEM) respectively and incubated at 37°C. 

At specified time intervals, the membranes were taken out from the solution, washed with 

distilled water, dried, and weighed. The degree of in vitro degradation was indicated as the 

following: 

Membrane degradation (%) =  

3.3.4 XPS characterization 

XPS experiments were taken on a PHI-5000C ESCA system (Perkin Elmer) with Al 

Kα radiation. The X-ray anode was run at 250 w and the high voltage was remained at 14.0 

kV with a detective angle of 54°. The pass energy was set at 92.4 eV to ensure sufficient 

sensitivity. The base pressure of the analyzer chamber was about 5 × 10
-8

 Pa. Both the total 

and narrow spectra of all the elements with a very high resolution were measured. Binding 

energies were calibrated by using the containment carbon (C1s = 285.1eV). 
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3.4 Cell culture 

Biological assays were performed using MSCs. Firstly, the cells were plated as a 

monolayer and cultured to confluence in DMEM containing 10% FBS and 1% penicillin (100 

units ml
-1

) (Sigma). Medium was replaced every three days and the culture was maintained in 

a humidified incubator at 37°C with 5% CO2. Once the cells reached 80% confluence, they 

were trypsinized and passaged to the next generation. 

The nanofibrous scaffolds were exposed to UV for 30min, washed with ethanol for 15min 

and with PBS for 5 min triple times. After reaching 80% confluence, the cells were detached 

by trypsin-EDTA and viable cells were counted by trypan blue assay. Cells are further seeded 

onto nanofibrous scaffolds, placed in Petri dishes at a seeding density of 5 ×10
4
 cells/sample 

and cultured in medium at 37C and 5% CO2 for certain time before harvest. 

 

3.5 Scanning Electron Microscopy (SEM) for substrate and cell morphological 

examination 

The morphology of nanofibrous scaffolds and cells after 24hr seeding were processed for 

scanning electron microscopy (SEM) (SEM, Cambridge Stereoscan 120) at an accelerating 

voltage of 10 kV. Briefly, the substrates cultured with MSCs were washed with PBS (0.1M, 

pH 7.4) solution three times and then fixed in 4% paraformaldehyde solution for 1 hr. After 

fixation, they were washed 3 times with distilled water for 10 min each wash. Then the 

samples were dehydrated through a series of graded ethanol solutions (50, 70, 90 and 100%) 

for 30 min each and left in 100% ethanol. Next, the samples were mounted onto stubs and 

sputter coated with gold using a Denton Desk II sputtering before scanning by SEM.  

Cell elongation measurements were processed using ImageJ software following the 
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formula:  

Cell Elongation (%) =  × 100% 

 

3.6 Cell viability study 

To study cell proliferation on the substrates, viable cells were determined by using 

colorimetric MTT assay (CellTiter 96
®
 Aqueous Assay, Madison, WI, USA). The mechanism 

behind the MTT assay is that metabolically active cells will react with the tetrazlium salt in 

the MTT reagent to produce a soluble formazan dye that can be absorbed at 570nm. After 2 

days of cell seeding in a 96-well plate with the nanofibres, the substrates were rinsed with 

PBS, followed by incubation with 20% MTT reagent in serum-free culture medium for 3 hr. 

Thereafter, aliquots were pipetted into the 96-well pate. The 96-well plate was then placed 

into a spectrophotometric plate reader (FLUOstar OPTIMA, BMG Lab Technologies, 

Germany) and the absorbance at 570nm and 630nm of the content of each well was 

measured.  

Cell viability was also tested using Live/Dead assay according to the protocol provided 

by InVitrogen Canada Inc. Prior to cell culture, the bottom of the culture dish was coated 

with a layer of agarose gel to prevent cell adhesion. For staining, cells at a concentration of 

50,000cells/ml were cultured with the nanofibrous membranes for 2 days and then incubated 

in cell culture medium containing 2 μM calcein AM and 4μM ethidium homodimer probes 

for 20 min. Then the membranes with cells were rinsed with PBS, dried and mounted onto 

slides. Images were taken under a confocal laser scanning microscopy (Olympus FV1000, 

Japan). 
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3.7 Real-Time PCR 

3.7.1 Cell lines and treatment 

5 × 10
4
 MSCs was seeded onto the nanofirbrous membranes and allowed to settle for 

2hrs. Then, 2ml medium were added to the disk. After 3 days cultivation, cell-membranes 

were transferred to FBS-supplemented DMEM containing a combination of osteogenic 

chemical supplements: 50ug/ml L-ascorbic acid 1-phosphate (Sigma), 10mM β-

glycerophosphate(Sigma) and 100nM dexamethasone(Sigma). Membranes with cells were 

returned to the incubator for 1, 4 and 7 days respectively. The osteogenic medium was 

changed for every 2-3 days. 

 

3.7.2 Quantitative Real-time PCR analysis 

At predetermined time intervals, the medium were aspirated with the unattached cells 

and the wells were washed with DPBS. Then, cells on the membranes were treated by liquid 

nitrogen and smashed. In order to validate the gene expression of osteogenic differentiation in 

all samples, total RNA isolation and cDNA synthesis were done by using TRIzol and Oligo 

dT (Invitrogen, USA), according to the standard procedures. Then quantitative Real-time 

PCR (qPCR) was performed by SYBER Green assays (Applied biosystems, USA). 

Amplification conditions were as follows: Hold in 95°C for 10 minutes, followed by 40 

cycles of 15 seconds at 95°C and 1 minute at 60°C. Thermal cycling and fluorescence 

detection were done using the StepOnePlus™ Real-Time PCR System (Applied biosystems, 

USA). The mRNA expression levels were determined relative to the GAPDH by the ΔCt 

method. Primer sequences were synthesized as shown in Table 1. 
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Table 1 Sequences of primers for the qRT-PCR 

Gene Forward primer sequence Reverse primer sequence 

BSP 5’-ccacactttccacactctcg-3’ 5’-cgtcgctttccttcacttttg-3’ 

ALP 5’-ctccaaaagctcaacaccaatg-3’ 5’-atttgtccatctccagccg-3’  

OC 5’-acactctaaagggttgcac-3’ 5’-tcccatgctgtgaccctctagagg-3’ 

OPN 5’-ctacgaccatgagattggcag-3’ 5’-catgtggctataggatctggg -3’ 

GAPDH 5’-aggtcggtgtgaacggatttg-3’ 5’-tgtagaccatgtagttgaggtca-3’ 

OC osteocalcin, BSP bone sialoprotein, OPN osteopontin, ALP alkaline phosphatase, 

GAPDH glyceraldehyde-3-phosphate dehydrogenase. 

 

3.7.3 Western Blot Analysis 

At the predetermined time intervals, the medium were aspirated with the unattached cells 

and the wells were washed with DPBS. Then, cells on membranes were treated by liquid 

nitrogen and smashed. Whole proteins were isolated by RIPA buffer (50 mmol/L Tris-HCl, 

pH 8.0, 150 mmol/L NaCl, 0.1% SDS, 1% NP-40,0.25% Sodium deoxy-cholate and 1 

mmol/L EDTA) with a freshly added protease inhibitor cocktail (Roche). Total protein 

concentrations were determined by BCA Protein Assay (KeyGEN). Proteins (20 μg/lane) 

were separated on 12% SDS-PAGE and electrophoretically transferred to PVDF membranes. 

The membranes were blocked for 2 h at room temperature in TBS-T buffer (10 mmol/L 

Tris·HCl, pH 7.5, 500 mmol/L NaCl, 0.05% Tween 20), containing 5%(w/v) skim milk, and 

incubated antibodies against ERK1/2 and phosphor-ERK1/2(Bioworlde) at 4°C overnight. 

After incubation with the primary antibody, the membranes were washed three times with 

TBS buffer and incubated with the appropriate HRP-linked secondary antibodies for 1 h at 

room temperature. The optical density was determined using the Supersignal 
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Chemiluminescent substrate (Santa Cruz) according to the manufacturer’s instructions. 

House-keeping gene β-actin was used as an internal standard. 

 

3.8 Statistical analysis 

All data presented are expressed as mean ± standard deviation (SD). Statistical analysis 

was carried out using single-factor analysis of variance (ANOVA). A value of p ≤ 0.05 was 

considered statistically significant. 
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Chapter Ⅳ: Results and Discussion 

4.1 Design of tunable matrices with varying wettability 

Table 2 Contact angle measurement of gelatin/PCL (G/P) nanofibres. 

 

Figure 1 Contact angles of different electrospun fibrous membranes. From pure PCL (most 

left column) to pure gelatin (most right column) the membranes show a significant decrease 

in water contact angle, indicating a gradual decreasing trend in wettability. 

 

Electrospinning is a simple and versatile technique for producing fibres with diameters in 

the sub-micrometer or even nanometer range. [106, 107] A vast array of materials such as 

polymers, ceramics and their composites can be manufactured into ultrathin fibril structures 

G/P G0P10 G3P7 G7P3 G10P0
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using electrospinning method. It is well known that cells interact strongly with their 

environment (ECM). This structure, which is primarily composed of collagens, exhibits 

varying fibre diameters that are quite frequently one of more orders of magnitude smaller 

than the cell itself. Electrospinning allows the production of these small fibre diameters in 

sub-micron dimensions, down to about 50nm. [108-112] Gelatin is a natural protein with high 

hydrophilicity while PCL is highly hydrophobic. These two compounds have been widely 

used to fabricate electrospun nanofibres as biomaterials due to their excellent 

biocompatibility. Here, we have fabricated tunable composite electrospun nanofibrous 

matrices with precise control over their hydropholicity by mixing gelatin and PCL in 

different ratios, ranging from 0/10 to 10/0 gelatin/PCL ratios. These matrices are labeled 

G0P10, G3P7, G7P3 and G10P0 respectively depending on the gelatin/PCL ratios. The 

reduction in contact angle measurement from (117.85± 4.15) ° of G0P10 (100% PCL) to 0° 

of G10P0 (100% gelatin) shows that the hydrophilicity of the combination materials is 

reduced along with different mixing ratios of gelatin and PCL (Figure 1). With 100% gelatin 

in the composite scaffold, water drops are absorbed extremely fast by the matrices so that its 

contact angle is defined as 0°. On the contrast, on the PCL matrice, water hardly spreads on 

the surface showing an obtuse contact angle. This confirms the varying wettability of the 

surfaces of the nanofibrous scaffolds, and that the hydrophilicity of the scaffolds increased 

with increasing gelatin concentration. Either the hydrophobic or the hydrophilic surfaces are 

suitable for cell adhesion to vastly different extents.  
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4.2 Characterization of composite nanofibres 

A 

B

 

O  1s 

C  1s 

N  1s 

G10P0 
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Figure 2 Characterization of nanofibres. (A) IR-ATR spectroscopic analysis of non-

crosslinked gelatin/PCL nanofibrous membranes. (B-E) XPS analysis of nanofibres without 
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crosslinking. (B, G10P0; C, G7P3; D, G3P7; E, G0P10) 

 

To confirm that the gelatin and PCL are mixed in specific ratios via electrospinning, IR-

ATR analysis was carried out. IR-ATR is a testing technique used together with infrared 

spectroscopy which allows samples to be characterized directly on the solid surface without 

further preparation. Since the all the cell grown, proliferation and differentiation occur on the 

surface of the nanofibrous membranes, the surface chemical structures of the samples were 

characterized instead of the mass characterization using Fourier transform infrared 

spectroscopy (FT-IR). Figure2A shows IR-ATR spectra of the four groups of gelatin/PCL 

nanofibrous membranes before crosslinking. The peaks at 2944 and 2866 cm
-1

 in G0P10, 

G3P7 and G7P3 (Figure2A-a) show a disappearing trend corresponding to the characteristic 

absorption of the C-H stretching bonds of –CH2CH2, which are similar to those of ε-CL on 

PCL. Besides, the strong peak at 1723 cm
-1

 is due to the C=O absorption (Figure2A-b). 

Similarly, a weak peak at 1470 cm
-1

 may be due to –CH2 bending vibration (Figure2A-c). 

Moreover, the peaks at 1240 and 1107 cm
-1

 are assigned to the characteristic C-O-C 

stretching vibration of repeated –OCH2CH2 units of PCL and the -COO- bond-stretching 

vibrations (Figure2A-d and e). Additionally, typical bands are found such as N-H stretching 

at 3300 cm
-1

 for amide-A (Figure2A-f), C-H stretching at 3068cm
-1

 for amide-B, C=O 

stretching at 1651cm
-1

for amide-I, N-H deformation at 1544 cm
-1

 for amide II and N-H 

deformation at 1293cm
-1

 for amide III. 

 X-ray photoelectron spectroscopy (XPS) analysis was carried on to study the surface 

chemistry of the nanofibrous membranes. The spectra of all four groups as shown in 

Figure2B-E identified the elements of C, N and O. Though there’s no significant difference 

between the peaks of C 1s and O 1s which is due to the similar C-O ratio in the chemistry 

structures of gelatin and PCL, the peaks of N 1s in different nanofibrous membranes 
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displayed an obvious change along with the change of gelatin-PCL ratio. The G10P0, G7P3 

and G3P7 spectra all possessed an N 1s peak at 400 eV and the value of the peaks showed a 

decrease trend, indicating the reducing portion of gelatin in the composite. The atomic and 

mass concentrations of N 1s in G10P0 (pure gelatin) are 14.48% and 15.64% respectively, 

while in G3P7 are only 2.74% and 2.97% respectively. As shown in Figure2E, the peak of N 

1s disappeared indicating the lack of gelatin in G0P10 nanofibrous membrane. The XPS 

results confirmed the conformation of the nanofibrous membranes and quantified the gelatin-

PCL ingredients.  
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4.3 In vitro degradation tests of the nanofibrous membranes 

A 

B 

Figure 3 Degradation tests of gelatin/PCL nanofibrous membranes in (A) PBS and (B) cell 

culture medium for 1, 4 and 7 days. Bars indicate the mean values for all measured 

nanofibrous membranes, n = 5. 

 

Gelatin, as a protein produced by the partial hydrolysis of collagen extracted from skin, 

bone, cartilage, ligaments [113], possesses high hydrophilicity and solubility in most aqueous 

solutions including phosphate buffered saline (PBS) and cell culture medium. Once placed in 
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the solutions, the pure gelatin or gelatin/PCL composite nanofibres dissolve immediately. To 

avoid this, glutaraldehyde (GA), an amine-reactive homobifunctional crosslinker, was used to 

confer the structural integrity of gelatin [114, 115]. The GA-crosslinked gelatin and 

gelatin/PCL composite nanofibrous membranes were soaked in PBS and cell culture medium 

(Dulbecco Modified Eagle’s Medium, DMEM) for 1, 4 and 7 days respectively to evaluate 

the degradation degree in vitro. The nanofibrous membranes with different gelatin and PCL 

ratios were cut into square pieces (1×1cm
2
) and weighed before and after the specific 

degradation time. The degradation was showed in Figure 3. The extent of degradation of the 

nanofibrous membranes was slightly greater for the first 24 hours compared to the next 7 

days. In both solutions, either PBS or DMEM, the weight change ratio of the membranes 

possessed a low value down to 0.006% (G3P7 on day 1) and the highest value of only 

0.015% (G7P3 on day 7). The low order of magnitude of the weight change ratio indicated 

that from the physical point of view, the gelatin/PCL nanofibrous membranes barely 

dissolved or were absorbed by either PBS buffer or cell culture medium, which can be 

deemed as a guarantee of safely applying the nanofibrous membranes to further short-term 

cell cultivation and osteogenesis differentiation tests without concern about the effect due to 

scaffold degradation. 
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4.4 Matrics hydropholicity-mediated cell adhesion and proliferation of MSCs 

A        

B      

C 

Figure 4 SEM micrographs of (A) gelatin (G10P0), gelatin/PCL (G7P3, G3P7) and PCL 

(G0P10) nanofirous scaffolds (left to right); (B) MSCs on different nanofibrous scaffolds 

after 24hr of cultivation; (C) Cell elongation (length/ width) on different nanofibrous 

scaffolds after 24 hr of adhesion and proliferation (p < 0.01). n = 6. 

 

Morphological images of the gelatin/PCL nanofibrous membranes were taken using SEM 

and are shown in Figure 4A. The micrograph image depicts randomly interconnected 
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structures and the seemingly smooth morphology of the electrospun gelatin/PCL nanofibre. 

The diameter of the nanofibre was estimated to be in the range of 400-900 nm (90% 

nanofibres), with a mean diameter of 780 ± 120 nm, by using image analysis software 

(ImageJ, National Institutes of Health, Bethesda, MD). The gelatin/PCL nanofibre mat with a 

thickness of around 30 μm was obtained through 2 hr of electrospinning. Porosity is deemed 

as a vital parameter for tissue engineering scaffolds. Such nanofibrous membranes which 

would be used for osteogenesis differentiation should largely be made porous. The porous 

nature of the scaffolds would then be beneficial for cellular infiltration and proliferation. On 

the other hand, the porous structure should continue to ensuring sufficient gas and nutrient 

exchange for viable tissue regeneration.  

The preferred porosity of scaffolds used for cellular penetration should generally be within 

the range of 60-90% [116]. This could easily be achieved by using phase separation and solid 

free-form fabrication techniques. The porosity of the electrospun gelatin/PCL nanofibrous 

membranes in this study was estimated to be around 60-70%, comparable to the techniques 

formerly mentioned. The pores generated within the scaffold structure for cellular in-growth 

are formed by nanofibres touching and bonding to each other which are different from 

isotropic pores made by using particles or bubbles when the scaffold is solidified. Previous 

studies on gelatin/PCL nanofibres have also shown that the gelatin component of the co-

polymer is gradually dissolved during cell culture, thus creating more spaces for cell 

migration. Similarly, the good elongation and deformation properties of gelatin allow easier 

opening of spaces for cell penetration to a deeper level of the membranes [117].  

It is not easy to create well-defined pore sizes through the electrospinning technique 

because of the randomly deposited fibres. However, the overall network architecture structure 

mimics the natural ECM, and this provides an advantage in its application as a tissue 

engineering scaffold. 
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The cell morphology of the gelatin/PCL membranes was also studied by SEM after 24 hr 

of culture and the results are shown in Figure 4B. The composite nanofibres showed 

improved biological properties in terms of MSCs response compared to 100% PCL 

nanofibres. Nevertheless, the electrospun gelatin/PCL scaffolds showed good MSCs 

compatibility. Visually there were a relatively larger number of cells on the gelatin/ PCL 

scaffolds compared to that of the pure PCL scaffold. The MSCs spread and stretched 

themselves rather than contracting into a compressed and round shape as exhibited by the 

cells growing on the 100% PCL alone membrane (Figure 4B). To facilitate cell attachment 

onto the scaffolds, quite often one uses surface modification techniques via chemical and 

plasma treatment of biodegradable scaffold materials. For example, simply soaking scaffolds 

in a purified collagen solution before cell seeding makes use of the cells’ favorable affinity to 

adhere to natural collagen. The disadvantage of this approach is that the collagen 

biomacromolecules are only coated on the surface of the fibrous scaffolds. Furthermore, it is 

achieved with a costly collagen material. At this point, current electrospun gelatin/PCL 

fibrous scaffolds provide an alternative solution to improve the biocompatibility of 

biomaterial scaffolds with tissues.  

The composite scaffolds of gelatin/PCL nanofibrous membranes could allow cellular 

penetration or infiltration into the inside of the gelatin/PCL composite fibrous structure 

instead of just attaching onto the surfaces as exhibited on the PCL scaffold alone. This 

infiltration indicated a 3D cell growth. As shown in Figure 4B, more MSCs proliferated on 

the gelain/PCL scaffold. The cells spread actively on the gelatin/PCL nanofibrous membranes 

and penetrate inside the scaffolds instead of just attaching to the surface as exhibited by the 

PCL nanofibrous scaffolds. With more gelatin ratio in the nanofibrous scaffolds, better 

hydrophilicity and cellular affinity obtained with consistent release of gelatin protein 

molecule from the composite nanofibrous scaffolds. The cell adhesion and proliferation were 
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also increased due to the increase of wettability of the scaffolds. Zhang et al. studied 

gelatin/PCL nanofibrous scaffolds and found that gelatin can be continuously released 

(leached out) over a time scale of more than 2 weeks in PBS solution at 37°C. The leaching 

kinetics can be governed by a progressive dissolution and diffuse mass transfer similar to that 

of an erosion process. These bicomposite porous nanofibres gradually caused the water-

soluble gelatin to leach out from gelatin/PCL fibres [118]. 

To better understand the relationship between wettability and MSCs morphology, we 

undertook a quantitative analysis of cellular morphological shape. As shown in Figure 4C, 

the elongation ratio of MSCs increased with increasing content of gelatin in the composite 

nanofibrous membranes. Due to the similar surface chemical and physical properties, the 

MSCs on the nanofibrous scaffolds displayed a similar average elongation ratio of 

length/width range from 2.1 to 2.7. Nevertheless, these cell elongation results were also 

confirmed with cell morphology imaging by SEM, which is shown in Figure 4B. The 

micrographs show that a greater degree of elongation is evident among the MSCs cultured on 

gelatin and PCL nanofibrous scaffolds. This demonstrates that cell elongation and adhesion 

appear to be closely connected to surface hydrophilicity. The elongation of the MSCs on the 

nanofibrous scaffolds with more gelatin resulted in a preferential differentiation into 

osteogenic lineage, which was further confirmed by gene expression experiments introduced 

in the following sections. 
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4.5 Cell viability on nanofibrous membranes 

A  

B C D 

E F  

 

Figure 5 Cell viability tests on nanofibrous membranes. (A) MTT assay of MSCs cultured on 

the membranes for 1, 4 and 7 days respectively. The cell viability has been normalized by 

setting the viability of the control on the first day as 100%. (B-F) Live/dead assay of MSCs 

cultured on TCPS as control (B) and nanofibrous membranes (C, G10P0; D, G7P3; E, G3P7 

and F, G0P10) for 48 hr. Green and red represent for live and dead cells, respectively. Scale 
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bars are 200 μm for all images. 

 

The MSCs viability on nanofibrous membranes was assessed using the MTT assay after 

1, 4 and 7 days (Figure 5A).  The results indicate that on more hydrophilic matrices such as 

G10P0 and G7P3, cells possessed similar viability as on the control culture dishes. However, 

cell viability was significantly reduced on relatively hydrophobic matrices (G3P7 and G0P10) 

from (54 ± 10) % to (29 ± 10) % on the first day. The viability of cells cultured with 

hydrophobic matrices remained relatively low compared to those cultured on hydrophilic 

matrices in the next 3-6 days. The viability of cells on nanofibrous membranes was also 

qualitatively assessed using the Live/Dead assay (Figure 5B-F). In corresponding to the 

results of MTT assay, cells on hydrophilic matrices possessed a relatively higher viability 

than those on hydrophobic matrices, as well as a healther morphology and significantly 

higher proliferation. These results suggest that incrased hydrophilicity of the matrices could 

promote cell proliferation and viability in a significant manner. 
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4.6 Changes in mRNA expression of MSCs in bone-derived scaffolds made from 

different nano-membranes 

To investigate whether different nano-membranes affected MSCs osteogenic 

differentiation, genes associated with osteogenesis, including BSP, ALP, OPN and OC, were 

measured by real-time RT-PCR on day 1, 4 and 7. G10P0 -stimulated BSP, ALP, OPN and 

elevated OC mRNA expression was apparent on the 1st day (Figure 6), and the elevated level 

of osteogenesis mRNA lasted for 3 days (Figure 6). However, osteogenesis expression for the 

G10P0 group showed a decreased level on day 7(Figure 6). On the contrary, the G0P10 group 

showed a marked accumulation on day 4 which lasted until day 7(Figure 6). In general, the 

trend from G10P0 to G0P10 revealed a decreased trend in osteogenesis expression on day 1 

and the trend from G10P0 to G0P10 showed an increased trend in osteogenesis expression on 

day 7. 
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Figure 6 Real time-qPCR of osteogenic gene expression levels of mouse MSCs cultured in 

vitro. Total RNA was prepared from MSCs grown on either induced, G0P0, G7P3, G3P7, 

G0P10 groups for 1, 4 or 7 days. BSP(A), ALP(B), OC(C), OPN(D) gene expression was 

quantified using real time-qPCR methods, GAPDH was used as an internal control. Data 

values are expressed as mean±SE (n=3). “*” means p<0.05 vs the induced group. .  
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4.7 Involvement of ERK1/2 activation in membranes that promote osteogenesis 

Western blot analysis was performed to determine whether the ERK1/2 pathway was 

responsible for the increased osteogenesis stimulated by different nano-membranes. As 

shown in Figure 7, the G10P0 group exhibited the highest expression of phosphorylated 

ERK1/2 on day 1 and the activation of ERK1/2 showed a decreased trend from G10P0 group 

to G0P10 group on day 1(Figure 6A). The activation of ERK1/2 in G0P10 group was 

increased on day 4 and sustained for 7 days. (Figure 6B, C). The activation of ERK1/2 

showed a increased trend from G10P0 group to G0P10 group on day 7(Figure 6C). 

 

A B 
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Figure 7 Western blot analysis of p-ERK protein expression in mouse MSCs. Total protein 

was prepared from MSC grown on either induced, G0P0, G7P3, G3P7, G0P10 for one(A), 

four(B) or seven(C) days. β-actin was used as an internal control. Data values are expressed 

as mean±SE (n=3). “*” means p<0.05 vs the control group. 
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4.8 The relationship between MSCs’ osteogenic differentiation on different nano-

membrane 

Bone marrow mesenchymal stem cells (MSCs) have been reported with the potential to 

differentiate into a variety of cell types both in vivo and in vitro. As for bone tissue 

engineering, MSCs have been proven to differentiate into an osteogenic lineage and have 

been widely used in bone tissue engineering as seed cells [119]. We used quantitative PCR to 

study the gene expression of a differentiation marker of osteoblasts in MSCs in three groups. 

The commitment of MSCs to osteogenic differentiation was demonstrated by the expression 

of BSP, ALP, OC and OPN. These proteins are considered as lineage-specific markers of 

osteoblastic differentiation. Bone sialoprotein(BSP) is a highly sulfated, phosphorylated, and 

glycosylated protein that mediates cell attachment through a RGD motif to extracellular 

matrices[120]. Due to its highly negative charge, BSP can sequester calciumions while 

conserving polyglutamate regions, which have hydroxyapatite crystal nucleation 

potential[121]. In the absence of osteocalcin, bone sialoprotein could contribute to an overall 

metabolic shift toward new bone formation [122, 123]. Alkaline phosphatase (ALP) is an 

enzyme present in all tissue in the human body that removes the phosphate group. However, 

it is concentrated in bone and a high level of ALP may indicate active bone formation 

occurring, which makes it a marker for bone metabolism.[124]. Osteocalcin (OC) is a critical 

marker in late bone differentiation [125]. Osteopontin is a phosphoprotein member of the 

SIBLING family that possesses several calcium- binding domains and is associated with cell 

attachment, proliferation, and mineralization of extracellular matrix into bone, synthesized by 

bone-forming cells [126]. 

In the present study, four osteogenetic genes expression results suggest that the fate of 

stem cells on membranes can be affected by the different composition of gelatin and PCL. 
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Gelatin can elicit osteogenic expression of MSCs at an early stage, but the PCL can elicit the 

osteogenic differentiation at a late stage. 
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4.9 Nano-membrane stimulation of MSCs’ osteogenic differentiation through ERK1/2 

signaling pathways 

The differentiation of MSCs into osteoblasts is primarily controlled by Cbfa1/Runx2 

[127]. Cbfa1/Runx2 phosphorylation and activation is mediated by ERK1/2 [128]. The 

activation of ERK1/2 has been demonstrated by studies to be involved in MSCs and 

osteoblast differentiation in response to various mechanical stimuli, including shock wave, 

hydrostatic pressure, fluid flow and cyclic strain[129-132]. Moreover, ERK1/2 activation is 

also associated with collagen synthesis, bone specific protein production and calcium 

deposition [129-133].  

Stem cell differentiation has recently become increasingly linked to mechanobiological 

concepts such as cell-generated physical forces. These forces originate from myosin bundles 

sliding along actin filaments and are transmitted to the extracellular matrix (ECM), a three-

dimensional fibrillar protein scaffold which surrounds and anchors cells. Transduction of 

these signals employs a vast array of adhesive proteins that assemble together to 

mechanically link the extracellular and intracellular worlds [134]. Integrins are receptors that 

mediate the attachment between a cell and the tissues that surround it, such as other cells or 

the ECM. Intergrins have close relationship with the ERK1/2 activation. Mechanical strain 

promotes the proliferation of osteoblast cells via ERK mediation through integrins β1 and β5 

[135], which may suggest that ERK1/2 is an essential pathway in the mechanotransduction 

process. We therefore hypothesized that ERK1/2 activation may also play an essential role in 

nano-membrane mediated-MSCs osteodifferentiation. Our results show that together with 

high osteogenic expression in certain nano-membranes, the ERK1/2 activation was 

significantly greater at the same time point, suggesting that via ERK1/2 pathway, nano-

membranes stimulate MSCs osteodifferentiation. 
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Chapter Ⅴ: Conclusions and Future Studies 

A series of surfaces with different levels of hydrophilicity / hydrophobicity (or wettability) 

were fabricated by changing the ratio of gelatin and PCL content in a series of electrospun 

nanofibrous membranes.  Measurements of the contact angle of water confirmed the gradient 

change of the surface wettabilities. The chemical structure of the gelatin/PCL (GP) composite 

nanofibrous membranes was characterized using FT-IR spectroscopy. From the in vitro 

degradation tests in PBS and cell culture medium which assessed the differential weight change, 

it was evident that the nanofibrous membranes were not degraded or eroded to a significant 

extent by either of the solution over a period of 7 days, which allowed for further cell culture and 

gene expression studies. MSCs were selected to be seeded onto the scaffolds and cell 

morphology and viability were evaluated using SEM, a live/dead staining assay as well as by an 

MTT assay. The nanofibrous membranes with different surface wettabilities had a significant 

influence on the cell motility, in which more hydrophilic surfaces were found to be more 

favorable for cell adhesion and spreading. The expression of genes associated with osteogenesis, 

including BSP, ALP, OPN and OC, were measured by real-time RT-PCR at different time 

points. It was found that the trend from G10P0 to G0P10 revealed a decreased trend in 

osteogenesis expression on day 1 and the trend from G10P0 to G0P10 showed an increased trend 

in osteogenesis expression by day 7. Then western blot analysis was performed to determine 

whether the ERK1/2 pathway was responsible for the different nano-membranes stimulating 

increased osteogenesis. The results suggested that ERK1/2 is an essential pathway in this 

mechanotransduction process. Our results showed that together with a high osteogenic 
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expression in the nano-membranes, ERK1/2 activation caused a significant increase at the same 

time point, suggesting that it was via the ERK1/2 pathway that the nano-membranes stimulate 

MSCs osteodifferentiation. 

This discovery is striking namely that cell adhesion and growth as well as regulated 

differentiation is strongly associated with surface wettability. In the future,additional evidence is 

required to prove the significance of the ERK1/2 pathway in the mechanotransduction process. 

Since the gelatin/PCL nanofibrous membranes possess excellent biocompatibility and low 

cytotoxicity, in vivo experiments would appear to be imperative. If as hypothesized that level of  

surface wettability can perform therapeutic functions of specifically guiding differentiation and 

strong osseointegration for new bone tissue growth and development, it can be foreseen that the 

results can be significant for the further study of stem cell control and implant development, as 

well as its application to a therapeutic platform. 
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