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ABSTRACT

The demand for organ transplantation is increased day by day, highlighting the necessity for the
development of tissue engineering as a part of strategic solution in medical treatments.
Nanotechnology has brought a possibility to introduce materials, architectures and specific
topographies required for the closet analogies in extracellar matrix (ECM) in native tissue. Among
different nanostructured materials, electrospun nanofibers are recommended as an appropriate
scaffold for tissue engineering due to their structural, biomedical and biophysical properties.

The aim of this thesis was to study the properties of electrospun nanofibers as scaffolds in tissue
engineering. To this end, we first studied electrospinning mechanism as a nanofabrication method
for the preparation of electrospun nanofibers. Secondly, the structural characteristics of electrospun
nanofibers in different morphological conditions were observed by image analysis. In the third step,
the comparative study was established between these structural characteristics and the viability of
cells. And finally, the effects of nanofiber coating in viability, proliferation and differentiation of
mesenchymal stem cells were discussed.

Polyacrylonitrile (PAN) nanofibers and carbon nanotube (CNT) reinforced PAN nanofibers were
electrospun successfully. A polymer plasticiser, ethylene carbonate (EC), was added into the
PAN/CNT solutions. It was observed that increasing the polymer concentration led to a reduction of
beads density and an increase in the diameter of the PAN nanofibers. The fiber diameters also
increased as a result of the addition of CNTs below the electrical percolation threshold. It was found
that the inclusion of EC permits changes in the morphological characteristics of the PAN/CNT
nanocomposite fiber regardless of the effects of its conductivity and viscosity.

3D nanofibrous chitosan-polyethylene oxide (PEO) scaffolds were fabricated by electrospinning
using different processing parameters. The structural characteristics, such as pore size, overall
porosity, pore interconnectivity, and scaffold percolative efficiency (SPE), were observed by using
detailed image analysis. Mouse fibroblast cells (L929) were cultured in RPMI for 2 days in the
presence of various samples of nanofibrous chitosan/PEO scaffolds. Cell attachment and the
corresponding mean viability were enhanced from 50% to 110% compared to that of a control even
at packed morphologies of scaffolds constituted from pores with nanoscale diameter. To elucidate
the correlation between structural characteristics within the depth of the scaffolds’ profile and cell
viability, a comparative analysis was proposed. This analysis revealed that larger fiber diameters
and pore sizes can enhance cell viability. On the contrary, increasing the other structural elements
such as overall porosity and interconnectivity due to a simultaneous reduction in fiber diameter and
pore size through the electrospinning process can reduce the viability of cells. In addition, it was
found that manipulation of the processing parameters in electrospinning can compensate for the



effects of packed morphologies of nanofibrous scaffolds and can thus potentially improve the
infiltration and viability of cells.

We present a new hybrid scaffold constructed by coating electrospun chitosan/polyethylene oxide
(PEO) nanofibers on commercial BioTek polystyrene (PS) scaffold obtained from Sigma Aldrich.
The viability and proliferation rate of mesenchymal stem cells (MSCs) seeded on micro-nano
structured hybrid scaffold (MNHS) and commercial PS scaffolds were analyzed using the MTT
assay. The results of the MTT assay revealed a higher degree of viability and proliferation rate in
MSCs seeded on MNHS compared with the commercial PS scaffold. DAPI images also confirmed
the higher degree of attachment and viability of MSCs seeded on MNHS. Moreover, MSCs on both
scaffolds differentiated to osteoblasts and adipocytes cells, as reflected by the images obtained from
Alizarin Red and Oil Red-O staining. Alkaline phosphatase activity (ALP) and calcium content
assays revealed that the MNHS has a higher potential for osteogenic differentiation than the
commercial scaffold. To quantify the osteoblast and adipocyte gene expression, quantitative RT-
PCR was carried out for MNHS, commercial scaffold and Tissue culture polystyrene (TCPS). It
was found that MNHS can express a higher level of Runt-related transcription factor 2 (Runx2),
osteonectin and osteocalcin in osteogenic differentiation as well as increased expression of PPARy
and UCP-1 in adipogenic differentiation. The enhancement of the attachment, viability and
proliferation as well as bi-lineage differentiation may result from the biochemical and structural
analogies of MNHS to native ECM. Furthermore, it was observed that biocompatible MNHS
scaffold can potentially be utilized as a suitable scaffold for bone and connective tissue engineering.
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1 INTRODUCTION

Over just a few decades, organ transplantation has undergone rapid progress from clinical trials to
realistic medical treatments. Nonetheless, waiting lists of tissue repair have remained a major
challenge due to the lack of availability of donors. This is due to the imbalance between the
demands and availability of the required tissue for transplantation. From a statistical standpoint,
almost a quarter of patients in United State are waiting for suitable organ donor [1-3], revealing the
significance of developing the tissue engineering as a part of alternative strategic solution.

Tissue engineering is a sub-discipline of biomaterials dealing with cell biology, engineering and
materials science, so as to develop biological substitutes to repair, restore and regenerate different
tissues [4-5]. In general, cells, scaffolds and growth-stimulating signals are three main supportive
elements to be discussed in this field [6]. In brief, to perform an autologous implant, cells are
removed from donor tissue and cultured in an appropriate biological environment. This
environment is surrounded by nanostructured protein fibers forming three dimensional porous
structures known as extracellular matrix (ECM). ECM proteins exhibit nanoscale constituters
postulated to be involved in cell-matrix signaling [7]. This is because of the anchorage dependent
characteristics of normal cells require a supporting material for cultivation. [1] Accordingly, one of
the significant challenges in tissue engineering is the introduction a supporting structure with close
resemblance to native ECM known as a scaffold. Theses analogies may involve biochemical,
biophysical and structural properties, leading to cellular attachment, viability, proliferation and
differentiation.

It is noteworthy that nanotopography is not limited only to the basement membrane, but individual
cells also interact with native topography through a different mechanism known as contact guidance
[7]. This is an example of a naturally occurring phenomenon modulated by ECM proteins, and is
considered to have a major impact on cellular migration [7, 8]. Contact guidance plays a significant
role in migration of individual or all groups of cells or tissue whereas it can influence efficient
organelle formation, such as axonal guidance and growth cone motility [7, 9-10]. Although, there
are many types of ECMs specific tissue, originating from different components, the roles of ECM
can be classified in five major categories [6]:

a) Provides structural support for cellular attachment, migration, proliferation and differentiation
both in vivo and in vitro; b) Contributes mechanical characteristics of tissues such as mechanical
strength, rigidity and stiffness; c) Provides biological cues for cells to respond to microenvironment;
d) Acts as a reservoir of growth factors; e) Provides the required flexibility for remodeling of tissue
based on its dynamic processes such as vascularization or wound healing procedure.



The aforementioned items are attributed to the function of native ECM whereas a desirable scaffold
is determined based on having such characteristics correspondingly in engineered tissue. The
introduction of a customized scaffold fulfilling these multifunctions and properties is still the major
obstacle and requires special biomaterials and fabrication methods. The architecture of the scaffold
should offer appropriate porosity, required for mass transport phenomena such as cellular
infiltration, nutrient delivery, oxygen permeation, waste removal and vascularisation [6-11].

The biomaterials should be biodegradable upon implantation with a rate of degradation which
preservs the scaffold structure until new matrix is produced in the developing tissue. The
mechanical properties of biomaterials used in the scaffold should match with the host tissue and
maintain the stability of the scaffold during the metabolic transport. The biomaterials used in the
scaffold may have biological cues such as cell adhesive ligands or physical cues such as appropriate
surface topography, leading to facilitation and manipulation of cellular activities. The scaffold
should be cyto and tissue compatible in a way that serves to support cellular attachment,
proliferation and differentiation both in vivo and in vitro. [6]

Previously, the structure of customized scaffolds was designed at the macroscopic scale; however,
the results of the cell cultivation were not completely successfully [12]. Now, it has been confirmed
that the scaffold should be modeled on a tissue specific-microenvironment at the nano scale to
regulate cell behavior and function [11]. Recent progress in nanotechnology has revealed new
possibility for tissue engineering to design nanotopographic surfaces and nanofeatured scaffolds to
provide the closest resemblance to native ECM [12]. Furthermore, it is possible to encapsulate and
control the spatiotemporal release of drugs (e.g., growth factors) based on recent developments in
drug delivery systems in nanotechnology [12]. This emerging technology can influence cell
behavior ranging from attachment to gene expression [12].

Electrospinning is a simple and cost-effective fabrication method for producing a 3D fibrous
network, from a wide variety of polymers, in submicron diameters. Accordingly, it has been utilized
for producing scaffolds for tissue engineering. The aim of this thesis is to introduce nanostructured
fibrous scaffolds fabricated by electrospinning for implantation in tissue engineering. To this end,
the relation between the mechanism of fiber formation and morphological variations of electrospun
nanofibers is discussed based on key processing parameters in electrospinning. In addition, a novel
characterization technique is proposed for precise measurement of structural properties in
electrospun scaffolds so as to avoid systematic deviations in characterization of structural
properties. Furthermore, a comparative study between the structural properties in nanofibrous
scaffold and viability of cells is established to highlight the effects of scaffold architecture in a cell
growth. Finally, the attachment, viability, proliferation and differentiation of stem cells in
nanostructured fibrous scaffolds fabricated by electrospinning are investigated in order to present
the success of implantation of this type of scaffold in tissue regeneration. Therefore, the thesis is
presented in four steps, and corresponding to four articles, which are as follows:
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In the first step the preparation of nanofiber and nanofiber composites are discussed and the
resultant morphologies based on three key elements in electrospinning process (electrical field,
surface tension and viscoeleastic behavior of solution) are described. Accordingly, polyacrylonitrile
(PAN), carbon nanotube (CNT) and ethylene carbonate were utilized as a precursor polymer, filler
and polymer plasticizer respectively.

In the second step, a rigorous technique based on image analysis for the quantification of structural
characteristics, and to exploit the results to evaluate the permeation-filtration mechanism are
introduced. Our technique enables the computation of layered and overall porosity characteristics of
electrospun nanofibres in different morphological conditions. Furthermore, the interconnectivity,
scaffold percolative efficiency (SPE), optimal pore size (OPS) and their corresponding relation to
depth filtration were studied. The reliability of the proposed approach was validated by
measurements and through comparison of the structural characteristics of several samples with
different morphological architectures. This section can offer the possibility to evaluate the
mechanism of cell infiltration in nanofibrous scaffolds highlighted in step 3.

In the third step, 3D nanofibrous chitosan-polyethylene oxide (PEO) scaffolds were fabricated by
electrospinning using different processing parameters. The structural characteristics, such as pore
size, overall porosity, pore interconnectivity, and scaffold percolative efficiency (SPE), were
observed by a robust image analysis introduced in step 2. To elucidate the correlation between
structural characteristics within the depth of the scaffolds’ profile and cell viability, a comparative
analysis was proposed.

In the fourth step, a new hybrid scaffold constructed by coating electrospun chitosan/polyethylene
oxide (PEO) nanofibers on commercial BioTek polystyrene (PS) scaffold obtained from Sigma
Aldrich is presented. The characteristics of this scaffold will be compared with commercial BioTek
scaffold and TCPS, using some biological analysis including cell viability assay, alkaline
phosphatase activity (ALP) and differentiation potential by appropriate methods.



2 NANOSTRUCTURED MATERIALS IN TISSUE ENGINEERING

There are different techniques proposed to exploit cell- nanotopographic interactions to indicate the
appropriate cell behavior in engineered tissue (see Figure 1). Top-down lithographic methods such
as gratings, pillars, and pits have been used so as to produce various nanopatterns [7]. Methods such
as micelle lithography, anodization and electrospinning are employed to produce an array of
nanospheres, vertical nanotube and nanofibers respectively [13-15]. Furthermore, polymer
demixing, chemical etching, electrospinning, and phase separation processes are used to create less-
ordered nanotopographies [16]. In polymer demixing, increased island size resulted to higher
interaction of filopodia with the nanotopography of the surface, whereas, no systematic result for
proliferation of fibroblast cells in relation to island size was observed.

2.1 Nanotopography and Its Interactions with Cells

Nanotopography of the surface can significantly influence cell morphology, adhesion, proliferation
and gene regulation [7]. In general, the most important aspect of utilization of nanotopography in
cells function is attributed to the effect associated with cell geometry. As an example, many cells in
nanograting processes tend to be elongated and aligned in the direction of the grating axis (see
Figure 2) [7, 17]. These cells varied from fibroblasts (size: 50-600nm) to corneal ECs (size: 2-20
um) [7]. It is noticeable that elongation and alignment of the nucleus may cause to the initiation of
secondary effects such as cell signaling and variation in gene profile [7, 18]. Although, the
mechanism of such variation unclear and under debate, it is theorized that the origin of such
morphological responses can be traced back to the generation of anisotropic stresses [7]. Beyond
that, at the molecular level the 3D sharp-tip nanotopographies can influence the formation and
rearrangement of intracellular adhesion molecules which subsequently alter other cell behavior such
as gene expression and proteins production [19].

In the case of impacts of nanotography on cell proliferation, it was observed that cells on
nanogratings exhibit lower proliferation rates than cells cultured on planar substrates. On other
hand, the proliferation rate of cells contact with nanopost or nanopit geometries is unpredictable and
depends on the substrate material, length scale, cell types and some combination of geometry [7]. It
is noted that inability to control nanodimensionality and periodical rearrangements of nano scale
surface can be included the possible challenges for systematic assessment of cell function driven by
nanofabrication [19]. Chio et al. [19] in their investigation tried to overcome this challenge and
structural deviations by controlling in nanodimesionality and nanoperiodically in introduced
patterns (nanoposts and nanogrates). The results showed that the increased nanotopographical three-
dimensionality is accompanied with a reduced number and size of cells. However, cells exhibited a
more elongated morphology in three dimensional patterns compared to 2D smooth surfaces. [19]



o
—

Schematic b) SEM

y/ i 2

.2

Nanogratings Nanofibers =2

Al G55

o

. a

- . g

- -

Nanoposts Nanspheres =

Y ).

. . =

o

| | | L c

Nanopits Vertical z
Nanotubes

Figure 1. Schematic illustration of nanotopographic fabrication methods [7, 12]

In addition, cell-nanotophography interaction is accompanied by induction of different effects on
single cells, resulting from the physicochemical characteristics of the substrate [7]. These may
include negative impacts in cells cultivation mechanism such as decreased proliferation in
fibroblast cells, mesenchymal, embryonic and endothelial cells [10,17, 20-21] or positive effect
such as increased biased migration in corneal ECs and endothelial cells [7,22-23]. It is claimed
that cell-nanotopography interactions lead to control of stem-cell differentiation and cellular
superstructure which are both beneficial for utilization in tissue engineering.

Figure 2. Elongation of epithelial cells along grating axis in nanograting fabrication method [7]



2.2 Electrospun Nanofibers as a Tissue Scaffolds

In tissue regeneration, many attempts have been made to explore the material properties and
processing methods offering the highest biomimicry with native tissues. Electrospinning is a
straightforward method to produce fine fibers of sub-micron diameter. Recently, the unique
properties of electrospun fibers have attracted a great deal of attention for a broad range of
applications from particle filtering in membrane science, to cell culturing in tissue engineering [24-
27]. In addition to the electrospinning of nanofibers from a pure polymer, it is possible to use this
technique for encapsulation of fillers within the nanofiber structure [28-29]. Implantations of 3D
fibrous scaffolds can mimic the extracellular matrix (ECM) consisting of proteoglycans [30-31] and
the network of protein fibers (50-500nm diameter) [32-36] surrounding the cells in the
microenvironment. In particular, a biocompatible nanofibrous membrane fabricated by the
electrospinning process has been addressed in many publications as a potential candidate for tissue
scaffolds [32, 36-41] and drug carrier mediums [42-45].

Various processing and material parameters have been introduced to control the morphological
variations of electrospun nanofibres [46-51]. These variations can be attributed to three crucial
factors; the surface tension, charge density, and viscoelastic behaviour of the solution [52-53]. In
general, surface tension tends to decrease the surface area per unit mass in fluids, and induces
Rayleigh instability to the electrified jet [54-56]. A higher charge density and thus, higher solution
conductivity causes a greater bending instability of the driven jet, resulting in a reduction of the
fiber diameters [54-55, 57]. Also, variations in the electrical field can influence the mechanism of
fibre formation in the electrospinning process [58]. The viscoelastic properties of the solution play a
significant role in the dynamics of jet elongation, different instability modes and shape of the Taylor
cone [59-62]. However, Yu et al. [62] revealed that the mechanism of fiber formation depends on
the elasticity of the polymer solution, rather than its viscosity.

2.3 Structural Characteristics of Nanofibrous Scaffolds and Cells Viability

However, apart from the biocompatibility and mechanical properties, 3D and multilayer
architectures as well as the interconnected pore configuration are key structural parameters making
the electrospun scaffolds convenient in tissue engineering. Nonetheless, to succeed in exploiting
such 3D structural conformations, it is of significance that initially the cells introduced permeate
and interact within the different depths of the scaffold profile. In other words, the cellular viability
is correlated with the degree of infiltration and attachment of cells within the fibrous matrix. In both
in vitro and in vivo systems, regardless of the different aspects in microfluidics of cell intrusion, the
cellular diameter and corresponding structural properties have a paramount effect in determining the
mechanism of cell culturing. This may be due to the fact that the mechanism of cell growth is a
size-dependent phenomenon within the scaffold architecture. For instance, previous literature has
reported that, for a successful attachment and permeation of bladder smooth muscle cells, the
optimal pore sizes in a scaffold should be around 100-300 um [63] and for skin regeneration are
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20-125 um [64] while this value for chondrocyte ingrowth is assumed to be between 70 and 120
um [65]. It is hypothesized that, for cellular size beyond optimal pore sizes, seeded cells with
greater size utilize only the surface of the scaffold as an attachment site and might be forming the
cellular aggregations based on cell-cell interaction. On the contrary, for cells smaller than optimal
diameter, they have a tendency for revisable infiltration (migration) through the depth of scaffold
profile (see Figure 3(a)). Both circumstances may reduce cell-matrix interactions, and thus negative
trends for cultivation performance could be created. On this basis, the design of the customized
scaffold that is able to facilitate the cellular permeation through the depth of a nanofibrous scaffold
still remains a challenge in tissue regeneration [66-70]. Beyond this, the small pore sizes prevent
vascularization of biomaterials leading to limitations in nutrient delivery and waste removal,
resulting in disturbance to the tissue ingrowths [66-67].

To retain inherent processing advantages in electrospinning, it is of the utmost importance that the
methods proposed are established based on the fundamental aspects of the fiber formation
mechanism in the electrospinning process. In this regard, while processing parameters and solution
properties can alter the architecture and morphological characteristics of electrospun nanofibers, it
is obvious that they can be utilized as a main or subsidiary technique for the structural modification
in an engineered scaffold.

2.4 Chitosan Nanofiberous scaffolds

Chitosan as a biodegradable polysaccharide derived from partial deacetylation of chitin [71-72] has
been broadly utilized in the fibrous architecture for tissue scaffolds [73-74] and wound dressings
[43, 78]. A chitosan nanofiber scaffold can reduce infection in in vivo implantation due to its
antibacterial properties. It offers better cell adhesion, and viability compared to films in hepatocytes
cultivation [75]. Apart from nontoxicity and the morphological similarity of chitosan nanofibers to
native skin ECM, oxygen permeability, originating from its porosity characteristics, makes it
appropriate for wound healing applications [43, 79]. Particularly chitosan will gradually
depolymerize in to N-acetyl-d-glucosamine enables it to initiate fibroblast proliferation, and
associates in ordered collagen deposition and stimulates the increased degree of natural hyaluronic
acid synthesis in the wounded regions [43, 79-80].

Pure chitosan is difficult to electrospin, and the mechanism of fiber formation can be facilitated by
blending with cospinning polymers. The cospinning polymers can lead to higher chain
entanglement, which is a main prerequisite in electrospinning for attaining nanofibers with fewer
structural imperfections [81]. In addition, the mixing of chitosan with other polymers may result in
a closer analogy of the scaffold to natural ECM components or offer superior properties in tissue
regeneration. Fibrous chitosan composites produced by electrospinning have been widely reported
in previous publications [42, 73, 76, 77, 81-86]. For instance, chitosan/PEO nanofibers can be
utilized as a three dimensional scaffold for cartilage tissue repair due its good adhesion,
proliferation, and viability for chondrocytes [86]. The strong hydrogen bonding in chitosan and
PEO chains leads to polymer blends being electrospinnable [87] (see Figure 3(b)).
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structure of chitosan/PEO polymer chains and their hydrogen bonding.

2.5 Simulation of Structural properties of Nanofibrous Scaffolds

The structural properties of electrospun nanofibers originate mostly from the random deposition of
ultrafine fibres in the form of an interconnected porous substrate, resulting in a rapid increase in
filtration accompanied by reduced permeability loss [88-91]. Characterization of these parameters
could pave the way to estimating the relative implantation efficiency of the membranes in
demanding applications where the quality of depth filtration is paramount. Lithium battery
membranes [92-93], tissue scaffolds [94-95], and separation membranes for fuel cells [96-97] are
the most common applications for electrospun membranes for depth filtration.

A review of the related literature revealed that there is no satisfactory correlation between structural
characteristics and the permeation-filtration process throughout the depth of a membrane. Exploring
the interplay between depth filtration behaviour and structural characteristics expedites the process
optimization of electrospinning parameters to produce ideal membranes for demanding
applications. The proposed approach involves the evaluation of these properties without the use of
the complex theoretical equations typically attributed to depth filtration dynamics, the majority of
which have no correlation with processing parameters.

Image analysis is a non-destructive characterization method and, due to its ability to detect

individual pores, is beneficial for structural characterizations. The most important advantage of

image analysis, particularly with respect to the unique architecture of nanofibres, is the ability to

conduct porosity measurements within the depth profile of the image. However, in order to exploit

accurate results of quantitative analysis, careful consideration should be paid to morphological
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features either by means of programming or software implementation. Consequently, previously
proposed algorithms [98-101] are appropriate only in specific cases, and general process conditions
still present key obstacles regarding their effectiveness. These obstacles mainly originate from
structural imperfections (beading and solution dripping) and high or low density of fiber deposition.
Such measurement obstacles, especially at the nano scale, hinder the precise evaluation of the actual
elements involved in depth filtration.

2.6 Nanofibrous Scaffolds and Stem Cells

Stem cells provide vital properties required for certain tissue engineering applications. For instance,
the number of cells required by using primary tissue maybe considered as part of a challenge for
certain tissue therapies, while stem cells as a alternative solution enable to reproduce the cells by
ability to differentiate in specific lineage. In addition, decreased immunogenicity and potentially
immunosuppressive characteristics have been made the stem cell as an appropriate source of cells
for regenerative medicine. [102-104] In general, stem cell fate is attributed to genetic and molecular
mediators such as growth and transcription factors. However, the new surveys have been developed
the idea that the influence of solid state environment, such as interaction of ECM ligands with cell
surface receptors, is significant in control of cells behavior. However, the ECM-based control of
cells may lead to multiple physical mechanisms such as ECM micro and nano structural properties,
ECM elasticity or mechanical signals transmitted from the ECM to the cells. [105] As an example,
it is possible to manipulate the human mesenchymal stem cell (hMCS) fate by altering the
dimensions of nanotubular titanium oxide. This is due to small nanotubes sizes increased the
cellular adhesions whereas the larger sizes led to elongation of stem cells resulting in induce
cytoskeletal stress and obsteogenic differentiation. Mesenchymal stem cells (MSCs) are
multipotential stromal cells able to differentiate into a wide variety of cells, e.g. bone, cartilage, fat,
muscle, marrow stroma and other tissue types, when they are exposed to appropriate biological cues
[106-107]. Hematopoietic and non-hematopoietic cells are considered to be the source of MSCs
and are found in bone marrow [106, 108].  Human mesenchymal stem cells (hMSCs) can
differentiate into different lineages including osteoblasts, adipocytes, and chondrocytes (in the form
of high-density cell pellets) [109]. The availability of a single 3D scaffold enables the maintenance
of biological cues for mesenchymal stem cells to differentiate into more than one lineage, which is
of particular interest in regenerative medicine. In general, cell attachment, proliferation and
osteogenic differentiation of MSC are promoted by utilization of nanofiber scaffolds [110-111].
Nanotopography, ECM structural resemblance and chemical composition of nanofibrous scaffold
can enhance the potential of osteogenic differentiation [105, 110, 112]. However, this trend can be
further promoted by biomimetic modification of nanofibers, e.g. by inclusion of exogenous growth
factors [105, 111, 113]. Several previous studies have noted the commitment of MSCs to osteogenic
differentiation in nano-fibrous scaffolds [102-105, 110], whereas only a few have addressed their
potential for the adipocyte lineage [109, 114]. In general, the dedication of MSC to a specific
lineage is caused by different cues in the microenvironment [115]. These cues, in addition to
9



structural analogies of scaffold to native ECM, may involve other distinct parameters such as cell
shape, cytoskeletal tension, RhoA, scaffold orientation and elasticity or even secretion of soluble
growth factors into the culture medium [115-117].

As mentioned before, ECM plays an important role in tissue regeneration due to its modulating
impacts on the adherence, viability, proliferation, differentiation and self- renewal of stem cell
[118]. In addition to biophysical and biochemical analogies, introducing a scaffold with the highest
structural similarity to ECM can provide better compliance with stem cell behavior. Many
investigations have been conducted for the preparation and characterization of three dimensional
scaffolds fulfilling the required architecture of ECM in micro-environments [119-124]. However,
constructing a customized scaffold having structural mimicry with the architectures and
topographies of ECM still poses some challenges. These obstacles may originate from the complex
structure of ECMs constituted from protein nanofiber networks forming a micro-porous structure in
three dimensional status. This structural complexity may also increase the interaction of ECM-cells,
leading to high cellular intrusion, nutrient and oxygen permeation, waste removal and
vascularisation in tissue regeneration [119]. Therefore, some significant structural criteria such as
micro-porosity, pore interconnection and nano-scale fibers should be considered in the modeling of
customized scaffolds. Electrospinning is a simple and cost-effective fabrication method for
producing a 3D fibrous network, from a wide variety of polymers, in submicron diameters.
Accordingly, it has been utilized for producing the scaffold for tissue engineering. Although
electrospun fibrous scaffolds have many structural resemblances to ECM, their packed morphology
and nano-scale pore size limit the mass transfer necessary for tissue regeneration [124-127]. In
order to tackle this problem, various approaches have been proposed for increasing fiber diameter
and subsequently pore size. However, the results of these techniques have not been completely
satisfactory [127-130].

It has been noted that implantation of hybrid micro/nano scaffolds with combined characteristics of

micro-porosity and nano-scale fibers appears to be a successful strategy for constructing native
ECM analogies.
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3 MATERIALS AND METHODS

In this chapter, all of materials used in this thesis and the methods that were implemented, (such as
electrospinning, structural characteristics simulation, cells cultivation and biological tests) are
explained in detail.

3.1 Materials

Polyacrylonitrile (PAN) was used at different concentrations as the polymer component for creating
solutions with varying viscosities. The viscosity of PAN at 10 wt% concentration was 0.3 Pa.s at
room temperature. N, N-Dimethylformamide (DMF) was purchased from Baker. Multi-wall carbon
nanotubes (MWCNT) with an average diameter of 9.5 nm, an average length of 1.5 um, and a
carbon purity of 90%, produced via the catalytic chemical vapour deposition (CCVD) process, were
purchased from Nanocyl. Ethylene carbonate (C3H403) was purchased from Merck Chemicals.
Low molecular weight chitosan (Mw = 120 kD,) with a degree of deacetylation (DD = 75-85%)
was purchased from Fluka, Switzerland. Polyethylene oxide (Mw = 900 kD,) was purchased from
Sigma Aldrich, USA. Both glutaraldehyde solution (GA) 25 wt% in H,O and acetic acid (glacial)
100% were obtained from Merck Co., Germany. 3D Biotek 3D Insert PS scaffold (96 well
compatible, fiber diameter 150um, pore size 200pum, 24 inserts/pack) was purchased from Sigma
Aldrich, USA. Mouse connective tissue fibroblast cells (L929) were obtained from the Pasteur
Institute of Iran (NCBI), cultured in RPMI 1640, and maintained in an incubator with a humidified
atmosphere of 5% CO, at a temperature of 37°C. RPMI 1640 and trypsin were purchased from local
vendors, originally made by PAA (Austria). Human Mesenchymal stem cells (hMSCs) were
obtained from Stem cell technology research center, Tehran, Iran. Other reagents were obtained
from Sigma Aldrich, USA unless stated otherwise.

3.2 Electrospinning

3.2.1 Electrospining of PAN nanofibers and PAN/CNT nanocomposite fibers

Plain polymer solutions were prepared by dissolving PAN in DMF and a magnetic-mechanical
mixer stirred the solutions for 2 hours at 80°C. In order to prepare the PAN/ CNT nanocomposite
fibre, CNT was added to the DMF solvent and sonicated for 30 min to obtain an homogenous
solution. Subsequently, in some samples, EC with a different weight fraction was added to the
CNT/DMF solutions in order to study the effects of EC on the morphology of an electrospun web
(see Table 1). Similarly, PAN was dissolved in the CNT/DMF solutions and stirred for 2 hours at
80°C by a magnetic mechanical mixer. The nanofibres were spun by a one-nozzle electrospinning
system perpendicularly aligned to the target collector. The electrospinning system consisted of; a
high voltage source (bipolar Simco Charge master BP 50), a nozzle (a glass vessel containing the
polymer solution and a metallic needle), and a copper collector electrode plate. The applied voltage
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was generated by connecting the nozzle and the collector plate to the positive and negative
terminals of the high voltage supply, respectively. The voltage difference between the needle and
the collector was set at 40 kV (nozzle +20 kV and plate -20 kV) with a needle tip-to-collector
distance of 15 cm. A metallic needle (14G) with an inner diameter of 1.6 mm, and a length of 10
mm was used for ejecting the polymer solutions towards the collector. The collector plate was
covered with paper to gather the resultant fibers at a specified distance.

Table 1. The solutions composition and their correspondent viscosity

Trial code PAN wt% CNT wt% ECwt% Viscosity (Pa.s)
6 0 0 0.1
8 0 0 0.2
A 10 0 0 0.3
12 0 0 0.7
14 0 0 1.5
10 0.25 0 1.2
10 0.5 0 51.9
B 10 0.75 0 68.6
12 0.5 0 53.7
10 0.25 1 1.2
10 0.25 2 1.2
C 10 0.25 4 1.2
10 0.25 6 1.2

3.2.2 Electrospining of Chitosan/ PEO nanofibers

PEO was used as a cospinning component in the chitosan solution due to the difficulty of forming
the continuous fibers without structural imperfections from neat chitosan in the electrospinning.
Both chitosan and PEO were prepared at 2.5wt% and dissolved solely in 90 Vol% acetic acid.
Subsequently, chitosan and PEO solution in a weight fraction of 90: 10 were mixed and stirred by
mechanical mixture for 24 hours so as to make the solution homogenous. The nozzle syringe was
loaded with SmL of chitosan/PEO solution and the rest of the confined air in the syringe was
evacuated completely. A metal capillary (needle of gauge 18, inner diameter = 0.84 mm) was
inserted at the tip of nozzle. The electrospinning was performed by fully automated Electroris
(Fananvaran Nano-Meghyas) equipment. The collector was covered in aluminum foil, and the
anode and cathode electrodes were connected to the collector and the tip of metal capillary,
respectively. Subsequently, feed rates, tip to collector distances, applied voltages, and constant rate
of traverse were set by the control panel of system. Finally, the chitosan/PEO solution was
electrospun based on the different processing parameters summarized in Table 2. Each sample was
electrospun on the condition that only one processing parameter was changed while other
parameters remained constant. To prevent the dissolution of the chitosan scaffolds in the culture
medium, as well as to provide a control on chemical and water solubility, they were cross-linked

12



under exposure of vaporized glutaraldehyde (GA), rising from SmL GA solution in a desiccator, at
room temperature for 48 hours.

Table2. A summary of electrospinning setup and the corresponding processing parameters for each sample scaffold.

Sample Code Deposition Time (h) Feed Rate (mLh™) Applied Voltage (kv ) Distance(cm)
g 5 1 1 0.27 8 13
£ B 2 2 0.27 8 13
5 C 3 3 0.27 8 13
» ° 4 4 0.27 8 13
=]
£ 5 3 0.17 8 13
g 2ol 6 3 0.37 8 13
<

> § &

[5]
5 &
£ 3 7 3 0.27 10 13
5 8 3 0.27 13 13
> d 9 3 0.27 15 13
[=]
=]
g3
B £ 10 3 0.27 8 10
5 @
s 2 11 3 0.27 8 15

*Control sample was electrospun with constant processing parameters; deposition time=3 h, Feed rate= 0.27 mLh™, applied voltage=
8 Kv and tip to collector distance= 13 cm

3.2.3 Fabrication of Micro/Nanostructured Hybrid Scaffolds

Chitosan/PEO solution in 90:10 wt% was prepared as described previously in Part 3.2.2. PEO was
used as a co-spinning reagent in the electrospinning of chitosan so as to produce nanofibers without
structural imperfections. The electrospinning process was performed in fully automated Electroris
(Fanavaran Nano-Meghyas, Iran) equipment. The collector was covered by aluminum foil and then
the commercial BioTek PS scaffolds were placed on the collector. A metal capillary (18 gauge
needle, inner diameter = 0.84 mm) was inserted at the tip of the nozzle. The anode electrode was
connected to the collector while the cathode was attached to the tip of the metal capillary. The
electrospinning processing parameters, including applied voltage, nozzle to collector distance, feed
rate and deposition time, were set by the control panel of system to 10 kV, 13 ¢m, 0.35 mL/h and
300 sec, respectively.

3.3 Characterization of Electrospun Nanofibers and Scaffolds

In this section, the methods used for characterization of electrospun nanofibers and scaffold are
described in detail. The characterization methods were including, morphological observation SEM
images), viscometery, electrical conductivity, structural characteristics obsevation and biological
tests.
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3.3.1 Morphological Observation

The morphology and fiber diameter of the electrospun nanofibres were observed by Zeiss Ultra Plus
SEM and FE-SEM, Hitachi S4160 equipments. To take an SEM image of the nanofibre pattern, the
samples were coated in gold to make them conductive. Image J software version 1.43a was used for
measuring the fiber diameter from the SEM micrographs. The mean fiber diameters were calculated
from 100 measurements of each sample.

3.3.2. Viscometery and Electrical Conductivity Measurements

Viscosity was measured with a Brookfield DV-II+ viscometer at room temperature. The mean
electrical resistance of PAN solutions with different CNTs and EC loads at 10 wt% was measured.
The mean solution conductivity was evaluated through resistance, the reciprocal of the conductance,
by five measurements with an ohmmeter.

3.3.3 Structural Characteristics Simulation by Image Analysis

The permeability and filtration properties of a fibrous membrane were determined as a function of
three crucial parameters, known as the open area, solid area and interconnection. The proposed
method relies on the projection of the open area (overall porosity) and solid area (fibrous network)
from the image in the 2D plane. While the interconnection is estimated by the trend of blocking
pore channels throughout the depth of the membrane profile [98]. This trend can be identified as an
increase in cumulative open area from sublayers to the surface layers at the membrane profile (see
Figure 4).
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Figure 4. a) Flow chart of the proposed image analysis method, b) 3D illustration of electrospun membrane segmented
by seven cumulative layers (interval layers) from infinite n layers

3.3.3.1 Segmentation Procedure

The first step of the proposed algorithm involves precise segmentation of a 256 grey-scale image to
binary form using the threshold procedure. Thresholding is a simple but effective process for object
segmentation from the image background. The procedure is also essential with regard to obtaining
measurement accuracy, and the selections of the following sequences of morphological operations
are highly depending on it. Among the aforementioned thresholding methods, only local
thresholding seems to meet the structural requirements of a fibrous membrane. This may be due to
the multilayered architecture of the membrane, since the intensity gradient of the image is
inhomogeneous, varying locally from surface to sublayers. The non-uniform intensity gradient
throughout the membrane profile prevents realistic binarization. The local criterion approach can
tackle this segmentation problem by dividing the image into various subimages. The boundaries of
local sub-images are determined based on neighbouring pixels within a specific radius, while the
threshold values dynamically change over these boundaries [131-135].

In addition, based on the local approach, deviations caused by applying different magnifications are
minimized by selecting the radius of the local region proportionally to the change in magnification.
Several local thresholding methods have been developed, the most commonly applied of which
include mean, median, MidGrey, Bernsen, Niblack and Sauvola [131,136]. Among these methods,
Bernsen and Sauvola (as an improved version of Niblack) have inherent advantages for use in high
contrast areas. However, Sauvola thresholding is edge-sensitive and more appropriate for high-
contrast regions with some faint connection [131,137-139]. On this basis, the Sauvola method
seems to be particularly suitable for fibrous membranes where fibers intersect on several layers
forming a porous architecture. Experimental observation of nanofiber images confirmed this
theoretical concept. As shown in Figure 5, the Sauvola method exhibits structural imperfections
(beads, solution dripping) and fiber deposition more realistically than other versions. The local
threshold 7(i,j) is indicated as a function of the coordinates (i,j) at each pixel calculated from
Equation (1) [131]:
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where k=0.5 and R=128 (k and R are constant)

Figure 5. Original and binarized images by different local thresholding methods at radius r=15, a) Original SEM image
(magnification 2.5 KX), b) Bernsen, ¢) Mean, d) Median, ¢) MidGrey, f) Niblack, g) Sauvola

3.3.3.2 Porosity Characteristics Measurement

Depending on the preferred accuracy of measurement, m number of images are selected and

converted to binarized mode and the mean porosity computed from Equation (2)
[98]:

n

m m n m
EDAEPRY SE W) :
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where A is the total scanned area, aij is the pore area j found on the image i of the corresponding
nanofibre mat. Pi is the porosity calculated based on the image number (i) and m is the preferred
number of images. To reduce image noise and irregular clustering of pixels, applying a median
filter as a smoothing morphological operator and defining a minimum cut-off value for recognizing
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the interested areas is highly recommended. The size (radius) of local windows for the median filter
should be proportionate to the relative ratio of magnification. The pore size was evaluated by
measurement of the maximum Feret’s diameter, which is defined as the longest distance between
two parallel tangents at an arbitrary angle in the boundary of a pore area [140-142].
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Figure 6. Comparison between a) a grey-scale histogram and b) a differential histogram of grey-scale contrast after
unsharp masking

3.3.3.3 Layered Porosity Characteristics Measurement

To study the depth filtration behaviour based on solid and open area, the structural elements
throughout the profile need to be accurately measured layer by layer. Finding the edge of
overlapping layers by analysing the intensity variation at selected local windows seems to be the
best approach for layer-by-layer segmentation. One practical method is to use a differential
histogram of intensities by applying unsharp masking where the edges of overlapped fibers are
more discriminated. Unsharp masking is a manipulating technique used in image processing that
achieves edge enhancement by amplifying components with the high intensity [143-145].

In the algorithm, a median filter, which is well-known to remove local outliers from images [146-
147], is used as the unsharp operator at the selected local window. After unsharp masking, the
histogram of grey-scale contrast has a unique feature that can be used to locally segment the edge of
objects from the background. This approach is well-suited for our purposes because the image
edges (high intensity contrast) are positioned exactly at the layer interface. By exhibiting local
contrast values, the differential grey-scale histogram provides important statistical parameters for
layer-by-layer segmentation (see Figure 6(b)). Theoretically, if we consider the differential
histogram as a curve, the area bounded by x-y (grey-scale contrast-frequency) plane represents the
total pixels in the image. By selecting a specific grey-scale interval, the number of pixels within a
distinct grey-scale level can be calculated. The result obtained from this integral calculation is the
solid area (fibrous network) in a given grey-scale interval. Subtracting this solid area from the total
area gives the layered pore area between two points (¢ and d) of grey-scale contrast. Furthermore,
the layered porosity fraction at [c,d] can be calculated from Equation (3):

fcd t(x)dx

P d = 1
¢ f; t(x)dx

> c 3)
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where ¢ (x) is the differential histogram curve, b and a are respective supremum and infimum of
greyscale contrast, and P.; is the layered porosity fraction at the [c,d] intensity interval. This
approach has good compatibility with random deposition of fibre in an electrospinning mechanism
in which each nanofibre layer is positioned at different depths throughout the membrane profile and
should be identified by a specific interval rather than a discrete value for grey-scale contrast. By
extracting statistical data such as mean () and standard deviation (o) from the differential
histogram, it is possible to select the best intervals (INT) that precisely simulate a fibrous network
with finite layers. To add the interconnectivity of the layers to simulation, the interval sequence
should be such that each interval overlaps with the previous one, with the last interval covering the
entire range of grey-scale contrast (Equation (4)):

INT,={Vx,x,n €Ny ,x <n:L, =[u +x0bl}U{[o,ul,la bl}
L, < [a,b] 4)

The number of intervals needed for layered simulation depends on the statistical parameters of
standard deviation, mean, supremum and infimum of grey-scale contrast. The slight reduction in
pore area due to overlapping of different layers in the fibrous network can be shown by defining the
discrete function R, exhibited in Equation (5) [98]:

R, = (i ai/AT) (5)

i=0 X

where x is the number of layers, a; is the remaining pore area after x layer depositions, and 47 is
the total area. Overlapping of several layers causes narrowing of the open areas until the penetration
channel is totally blocked. If Equation (5) is substituted by data from the greyscale contrast, from
the modelling using a (infimum value) as the sublayer and b (supremum value) as the surface layer,
the equation exhibits an increasing trend. This equation can be modified in the form of Equation (6):

b
M) x<bh (6)

R, =100 x| 1—
* ( f;t(x) dx

From Equations (3) and (6), when x = ¢ and b = d, it can be concluded that the numerical value of
blocking open area is equivalent to the layered porosity at depth x in the membrane (R, = Py).

Based on the above data, the interconnectivity of the fibrous membrane can be estimated by finding
the best fitted curve (trend) derived from regression analysis of layered porosities throughout the
depth of the membrane. Based on the bell shape of grey-scale contrast histogram and related
mathematical principles, it was found that dose-response curve is the best model for evaluating the
best trends for layered porosities in our simulation (see Figure 7). Dose-response curves are
generally used to explain the results of in vitro experiments where the known concentrations of a
drug are varied. This template can be extended to any experiment where corresponding results are
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compatible with the basic principle of dose-response relations through variation of a known
parameter.
In the present study, however, the aim was to apply this model to layered porosity only with respect
to regression of results based on mathematical features, as opposed to dealing with dose-response
relations. The following two aspects of dose-response regression [148] are of key importance to our
simulation:

1) Half way open area (Oso): the cumulative layer with a half open area in the membrane

2) Hill slope (H): the steepness of dose-response curve is described by the hill slope, where a higher
value indicates faster blocking of accessible channels (less interconnectivity), and a low value
indicates that the open area narrows moderately (high interconnectivity).

On this basis, H can be assumed to be the reciprocal index of interconnectivity of the membrane.
The general model for best fitted curve for layered porosities is illustrated in Equation (7):

100
1+ 10((0s0=)xH)

F(x) = (7

where Os is the half way open area, x is the grey-scale contrast and A is the hill slope of the dose-
response curve.

200 200
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Figure 7. Best-fit (dose—response) curve for layered porosity from non-linear regression analysis

3.3.3.4 Intrinsic structural properties and their relation to depth filtration elements

Tehrani et al. [98] introduced a factor known as scaffold percolative efficiency (SPE) to contribute

interconnectivity and mean porosity to characterization of permeation properties of an electrospun

membrane. They hypothesized that an exponential curve is the best fit for layered porosity

regression, and its slope (b) can be assumed as a reciprocal index of interconnectivity. However, the

layered porosity measurement via our algorithm revealed that the exponential curve was not
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sufficiently compatible for exhibiting the layered porosity trend. Therefore, the scaffold percolative
efficiency factor (or permeation efficiency constant) was modified via our approach as follows:

sPE =2 Modified SPE = P (8)
h ——— H

where P is the overall porosity, b is the slope of the exponential curve and H is the slope of the best-

fit curve. In depth filtration, regardless of theoretical and empirical expressions attributed to

dynamics and size of particles, the fractural permeation and filtration efficiency are correlated to

porosity and solid area fraction (fibrous network). The fractural filtration efficiency is measured by

Equation (9) [149]:

E(d,) = 100 x (1 - Z EZ:%) (9

where Cq (dp) is the upstream and C, (dp) the downstream concentration corresponding to particle
size dp. If it is assumed that each cumulative layer acts as a discrete filtration element based on its

pores size and solid area (fibre network), E(dx), as filtration efficiency of the layer positioned at
point x in the depth profile can be determined from Equation (10):

E(dx) = 100 x <1 - 2 EZZD = 100 x (—%) (10)

During depth filtration, the rate of change in particle concentration passing through the depth profile
is proportional to the concentration and constant filtration efficiency of the membrane (o) [150].

dc

- = —adx 11D

In the grey-scale contrast histogram, o dx represents the interval (area) in which the permeated
particles are filtered at depth x in the membrane profile. This area, known as solid area fraction, is
determined by the fraction of fibrous networks at depth x in membrane profile (Equation.12):

b
t(x)dx
—a dx = -%L (12)
fa t(x) dx
From Equation (6) and (12), it can be concluded that:
dx = 2 4 13
“ =100 (13)
E(dx) = 100— R, (14)
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The overall filtration performance of the membrane can be measured from Equation (15) [151-152],
where E and P are the filtration and permeation in the membrane.

E=100-P (15)

As represented in Equation (14-15), it can be concluded that the permeation efficiency follows an
identical trend to F(x) (layered porosities approximation), along with adherence to the negative
trend of filtration efficiency in the depth profile of the membrane.

For optimization of the membrane for depth filtration, the permeation and filtration efficiency
should be identical to 50% (x= Oso, F(x) = 50%). Computing the pore size distribution at this point
may facilitate the elucidation of quality of depth filtration for particles within a specific geometrical
range. Furthermore, the quality of depth filtration is dependent upon the range of pore size within
the membrane. This range can be named as the optimal pore size (OPS) and can be estimated based
on mean pore size of the total and half open areas, and directly correlates to the size of open areas
within the interconnected structure.

As mentioned earlier, overall porosity and SPE are estimated based on averages of n arbitrary
images captured from several regions within the membrane. However, in the case of depth filtration
elements such as F(x) and OPS, due to inhomogeneous distributions of fibres throughout the
membrane, the comparison should be done on a regional rather than overall basis. As an example,
the reciprocal interconnectivity index and OPS of two images from different membranes shown in
Figure 5 are measured and reported as follows: OPS,;= [212-482], H;= 0.03, OPS,= [370-530] and
H,=0.02. As shown in Figure 8, the trace of simulated halfway open channel (E=P, F(x) = 50%) can
be identified more readily in the projection of total open area (overall porosity) in membrane 2
compared to membrane 1. This is due to higher interconnectivity and lower tendency for blocking
accessible channels of membrane 2. It is noticeable that the OPS parameter is only a comparative
index for scaling the interconnected open area that is capable of hosting the transport media in the
3D architecture, but cannot reflect the real optimal particle distribution without consideration of
transport media dynamics in depth filtration.

100
1+ 10((3.31— X)X0.03)

at the half cumulative layer (x= Os,) and the projection of open area

Figure 8. Comparison between simulated open pore areas of a) the sample image with F(x), = and b)

100

the sample image with F(x),, = T 1o(@ee—0x002)

in the 2D plane (overall porosity)
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3.3.3.5 Method implementation and validation

The overall porosity, mean pore size, interconnectivity and SPE of each membrane were
characterized based on four FESEM images captured from different areas of the electrospun web.
The proposed algorithm was implemented by Imagel] (version 1.43m), a common-use scientific
Java-based software [153], in order to increase its usefulness in real-time applications. To
investigate and affirm the reliability of non-linear approximation of layered porosities, the
GraphPad Prism [154] commercial and scientific software was used. The results were discussed and
validated based on empirical observations of perfect nanofibre membrane structures. In the case of
depth filtration elements such as F(x) and OPS, the measurement and comparison were done on a
regional basis. Mean fibre diameters were evaluated based on 40 measurements of each sample
membrane.

3.3.4 Biological Characterizations

Some biological analysis including cell viability assay, alkaline phosphatase activity (ALP) and
differentiation potential by appropriate methods are presented in this section.

3.3.4.1 L929 Cells Viability (MTT Assay)

L.929 cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS,
Gibco, Scotland) and maintained at 37°C in a humidified atmosphere with 5% CO,. When the cells
reached >80% confluency, they were detached using 1 ml of 0.25% trypsin as mentioned previously
[50]. Each sample scaffold was cut according to the diameter of the wells and each scaffold was
placed into a separate well from a sterile 96-well tissue-culture polystyrene plate. Each well was
seeded with 200 pl of the cell suspension (10°cells/ml). Empty wells were used as a control for cell
attachment for a sample of the scaffold. The samples were sterilized under exposure to UV for one
hour. L929 cells were allowed to proliferate for 48 hours in the presence of chitosan/ PEO scaffolds
and were then rinsed with 200 uL/well phosphate buffer (PBS) to remove the unattached cells
before adding MTT (5mg/mL of PBS, Merck, Germany). The MTT assay is a quantitative
colorimetric method based on reduction of the yellow tetrazolium dye (MTT) to purple insoluble
formazan through mitochondrial succinic dehydrogenase. This method enables the evaluation of
metabolically active cells, which directly reflects the cells viability. To this end, a mixture of serum
free culture medium and MTT solution in fraction of 30:70 was added to each well. The MTT assay
was performed as mentioned previously [155]. The MTT assay was repeated for each sample
scaffold three times (n = 3).

3.3.4.2 MSCs Viability (MTT Assay)

In vitro cytotoxicity experiments were evaluated using 3-[4, 5-dimethylthiazol-2-yl]-2, 5-
diphenyltetrazolium bromide (MTT) assay. MSCs were seeded in 96-well plates at a density of
2000 cells/100ul/well and incubated at 37° C in an incubator with an atmosphere of 5 % CO2 with
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95 % relative humidity for 6 days. On days 2, 4 and 6, MTT solution (Sigma) was added to the
plates and incubated for another 3 h at 37 °C. Then, the medium was removed and 100ul DMSO
was added to each well. The plates were shaken slowly and pipetted to dissolve the dark blue
formazan crystals generated by the live cells before color intensity was measured. The absorbance
of each well solution was measured by a microplate reader (BioTek, USA) at a wavelength of 570
nm. All the experiments were carried out in triplicate.

3.3.4.3 DAPI Staining

To verify the presence of cell adhesion on scaffolds, 4°, 6-diamidino-2-phenylindole (DAPI)
staining was carried out. In brief, the scaffolds were three times washed with PBS and the attached
cells were fixed with 4% paraformaldehyde for 10 minutes. The scaffolds were then three times
washed with PBS for 5 minutes. 1 pg/ml DAPI (Sigma) was added onto the scaffolds and incubated
for 5 minutes. Fluorescent images were recorded by Nikon TE2000 microscope (USA).

3.3.4.4 In Vitro Differentiation into Osteoblasts and Adipocytes

For differentiation into osteoblasts, MSCs were plated for 21 days at a concentration of 6,000
cells/cm” in 24-well plates and incubated with DMEM (Invitrogen) supplemented with 10 mMp-
glycerol phosphate, 50uM ascorbic acid-2 phosphate (Sigma) and 10~ M dexamethasone (Sigma).
For Alizarin red staining, the cells were fixed for 5 min with 70% ethanol at 4°C to determine
calcium deposition. To induce differentiation into adipocytes, The cells were plated at 1,000
cells/cm” in 24-well plates in DMEM with 1 pM dexamethasone, 10 pg/ml insulin, 0.5 mM IBMX
(Sigma) and 100 pM indomethacin (Sigma). After 2 weeks, the cells were fixed in 5%
Paraformaldehyde (Sigma) for 30 min and incubated with Oil Red-O (Sigma) to stain lipid
vacuoles.

3.3.4.5 Alkaline Phosphatase Activity

ALP activity was measured by total protein extraction of differentiated cells using 200 pl RIPA
lysis buffer. For sedimentation of cell debris, the lysate was centrifuged at 6000 RPM at 4 °C for 15
min. Then, the supernatant was collected and ALP activity was measured using Alkaline
Phosphatase Activity Colorimetric Assay Kit (Biovision). The optical density of samples was
measured at 405 nm in a micro-plate reader (BioTek).

3.3.4.6 Calcium Content Assay

The amount of deposited calcium was measured using Cresolphthalein Complexone method. To
extract calcium, the differentiated cells were homogenized in 0.6 N HCI (Merck) followed by
shaking for 4 h at 4 °C. After addition of reagents (Calcium Content Kit, Pars Azmoon), optical
density of samples was measured at 570 nm in a micro-plate reader (BioTek). Calcium content
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values of the samples were obtained from a standard curve of OD versus a serial dilution of calcium
concentrations.

3.3.4.7 Quantitative RT-PCR

Relative quantification of osteoblastic specific genes, including Runt-related transcription factor 2
(Runx2), osteocalcin (BGLAP), osteonectin and adipocyte specific genes as well as PPARG and
UCPI1 of differentiated cells, was carried out on MNHS and commercial PS scaffold compared to
control. Total RNA was extracted using QIAzol (QIAGEN). Revert Aid First Strand cDNA
synthesis kit (Fermentas) was used to synthesize complementary strands. Real-time RT-PCR was
performed using SYBR Premix Ex Taq (TaKaRa Bio Inc.). PCR parameters included denaturation
at 95 °C for 30 s, then 40 cycles at 95 °C for 5 s, and annealing/elongation at 60 °C for 30 s. The
relative quantification model was applied to calculate the expression of target genes in comparison
to HPRT1 used as endogenous control. Gene expression levels were quantified by a Rotor Gene
6000 instrument (Corbett). Primer sequences are illustrated in Table 3.

Table 3. Primers used in real-time RT-PCR

Gene Primer sequence (F, R, 5'—3") oduct length (bp)
CCTGGCGTCGTGATTAGTG
HPRTI AGTCCTGTCCATAATTAGTCC 125
Rum GCCTTCAAGGTGGTAGCCC .
CGTTACCCGCCATGACAGTA
Osteoncetin (GGTATCTGTGGGAGCTAATC 224
! ATTGCTGCACACCTTCTC
Osteocalein GCAAAGGTGCAGCCTTTGTG %0
steocalc \GCTCCCAGCCATTGATACAG
CGTGGCCGCAGAAATGAC
PPARG CACGGAGCTGATCCCAAAGT 73
"GCAGGGAAAGAAACAGCAC
Ucel STCAAGCCTTCGGTTGTTG 202

3.3.5 Statistical Analysis

Regression analysis was done using Graph-Pad Prism version 6.01 software (GraphPad Software,
Inc.) to find the best-fit curve for layered porosities in structural characteristics simulation and a
comparative study between simulated data obtained from image analysis and cell viability derived
data from in vitro experience. Statistical analysis between structural characteristics and cell viability
was implemented based on unpaired Student’s t-test criteria. In addition, statistical analysis in
biological tests was performed by SPSS software (IBM Corporation, USA), based on one-way
ANOVA. Results are presented as means + SD. Significance levels are *p<0.05, **p<0.01 and
*#%p<(0.001. All the quantitative results were presented as mean and standard deviations.
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4 RESULTS AND DISSCUTION
4.1. Solution properties of PAN/CNT

The results obtained from solution characterization revealed that viscosity is proportionally
correlated to polymer concentration. Moreover, CNT is a low density and high surface area
nanoparticle, and the solution viscosity rapidly increased with an incremental addition of CNT
loads. Solution viscosity did not noticeably vary following the incorporation of plasticizer. Identical
viscosities of samples containing EC can be attributed to the partial replacement of DMF (molar
mass: 73.09 g/mol) with EC (molar mass: 88.06 g/mol) in the solution composition (Table 1).

The electrical resistance of 10 wt% polymer solutions decreased from 880 KQ, to 500 KQ by
adding CNT up to 0.75 wt% (Figure 1). Such a small increase in conductivity suggests that PAN
solutions with different CNT concentrations (up to 0.75 wt%) were below the electrical percolation
threshold during the 30 min sonication time. The results from the measurement of electrical
resistance confirmed that adding EC at 1-6 wt% did not induce significant changes in electrical
conductivity (Figure 9).
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Figure 9. Mean electrical resistance of different CNT and EC loads in 10 wt% PAN
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4.2. Effect of polymer concentration and carbon nanotube on morphology of
PAN fibres

In electrospinning, polymer concentration and the corresponding viscosity should bring sufficient
entanglement of the polymer chains. This requisite is of utmost importance for attaining smooth
fibers, rather than solidified droplets, or beaded fibers. [50,156] Thus, as shown in Figure 10(a), the
lowest concentration (6 wt %) had the highest tendency to form solidified droplets, whilst an
increase of polymer concentration, gradually decreased the density of beads, and changed the
shapes of beads from spheres to spindles (Figure 10(a)-10(b)).

Figure 10. Appearance of pure PAN nanofibres with different polymer concentrations; a) PAN 6 wt%, b) PAN 8 wt%,
¢) PAN 10 wt%, d) PAN 12 wt% (magnification 20 kx). Appearance of PAN/CNT nanofibre composites; ¢) PAN 10
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wt%, CNT 0.25 wt%, f) PAN 10 wt%, CNT 0.75 wt%, g) PAN 12 wt%, CNT 0.5 wt% (magnification 20 kx), h) PAN
10 wt%, CNT 0.25 wt%, i) PAN 10 wt%, CNT 0.75 wt% (magnification 2.5 kx).

In general, beads are formed due to aggregation of solvent molecules because of surface tension
[54]. At high solution concentrations (chain entanglement), solvent molecules are distributed among
entangled chains and their tendency to congregate in the form of beads is decreased [54]. The
variation of shape and declining trend of bead structures at high polymer concentrations can also be
attributed to dynamics of jet elongation. It could be suggested that increasing polymer concentration
leads to a higher degree of chain entanglement and a longer relaxation time for the solution [156]
and a longer relaxation time leads to higher solution elasticity. Increased elastic stress originating
from solution elasticity causes a slowdown of Rayleigh instability and reduces the bead structures.
Furthermore, complete suppression of Rayleigh instability leads to transition of the resultant
morphology from bead structures to uniform fibers (Figure 10(c)-10(d)) [62].

Increasing the polymer concentration led to an increase in diameter of PAN fibers (Figure 11(a)).
This trend may reflect the increasing resistance of viscous jet in stretching between the nozzles and
target collector [54].

The addition of CNT in different concentrations into 10 wt% PAN solutions led to the formation of
conical shaped beads along the fibres axes (Figure 10(e), 10(f), 10(h), and 10(i)). This phenomenon
can be attributed to poor dispersion of CNT into the polymer solutions [157]. The fibers tended to
become curly and the solution tended to drip on the electrospun web when the CNT loads were
increased (Figure 10 (1), 2(1)).

Poor homogeneity, seen as an increase in the agglomeration of CNTs, induced structural irregularity
to the electrospun web. When CNTs agglomerate, there is localised charge accumulation in the
driven jet, resulting in an inhomogeneity of the electric field [158]. This phenomenon leads to the
formation of beads and other structural irregularities due to different extensional stresses induced by
the electrified jet. In addition to agglomeration of nanotubes based on the van der Waals attraction,
CNT may also interact with nitrile groups of polymer [159]. This can cause a weakness of polymer
chains interaction and results in a reduction of solution elasticity [160]. The reduced elasticity
intensifies Rayleigh instability and leads to the formation of bead structures [62]. At high CNT
loads, as a result of Rayleigh instability, solution drippings were deposited on the target collector in
addition to beaded fibers (Figure 10(i)). Also, in a solution with 12 wt% PAN, 0.5 wt% CNT,
smooth fibers were formed, whereas beaded fibers were produced at lower polymer concentrations
(10 wt %), (Figure 10(g)). This phenomenon can be attributed to stabilization of the driven jet
resulting in increasing entanglement of polymer chains at high polymer concentrations. This
observation also confirmed the role of chain entanglements in the formation of beadless fibers even
in presence of carbon nanotubes. Fiber diameter gradually increased as the CNT concentration
increased. It appears that the viscosity of solution has a greater impact on fiber diameter than a
slight increase in the electrical conductivity (Figure 11(b)).
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Figure 11. Mean fibre diameter of; a) PAN nanofibres with different polymer concentration, b) PAN nanofibres with
different nanotube concentrations.

4.3 Effect of Ethylene Carbonate on Morphology of PAN/CNT Nanofibres

The addition of EC plasticiser into PAN/CNT solutions led to both the declining trend of fiber
diameters and the formation of spherical shaped beads (Figure 12-13). As mentioned earlier,
viscosity and solution conductivity remained almost constant, thus these morphological changes in
the fibers containing EC must be due to reasons other than viscosity and conductivity. Inclusion of
EC may form binary phases within the polymer solution, and agglomerate the CNT phase, thus
affecting the elasticity and viscosity properties. The reduction of fibre diameters and formation of
spherical shaped beads maybe a result of the stretching of low molecular weight EC-polymer phase
over the nozzle-collector distance. Beyond phase separation, the nature of EC as a PAN plasticiser
may cause these morphological variations. Based on gel theory of plasticisation, the polymer has a
tridimensional honeycomb structure, formed by the loose attachment between polymer molecules
along their chains [161]. A plasticiser works to reduce these weak intermolecular interactions,
allowing the polymer to deform without breaking [161]. On the other hand, elasticity of polymer
solutions is proportional to molecular weight and intermolecular interaction [162]. It is
hypothesized that EC as a plasticiser reduces the interaction between the molecular chains, resulting
in a reduction of solution elasticity and its elastic respond counterpart. The reduced elastic respond
acts to intensify the Rayleigh instability and lead to an increase of bead structures and droplets in
the electrospun web [62].
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Variation in the shape of beads may also be related to competition between the elastic respond
originating from solution elasticity, and Rayleigh instability driven by surface tension. Elastic
respond tends towards a coherent jet [62] with spindle shapes and conversely, Rayleigh instability
driven by surface tension, tends towards congregated droplets. Therefore, when the elasticity of the
solution is decreased, large size spherical beads tend to appear instead of spindle-shapes. The slight
reduction of fiber diameter in samples containing EC can be attributed to a lower resistance of the
electrified jet against extensional deformation and capillary thinning mechanism, due to lower
solution elasticity [62, 163].

Figure 12. Appearance of PAN /CNT nanofiber composites with different plasticiser concentrations; a-d) 0 wt% EC, b-
e) 4 wt% EC, c-f) 6 wt% EC (magnification 2.5 kx and 20 kx).
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4.4 The Relation between Morphological Variations and Structural
Characteristics (SPE, Porosity, Interconnectivity, Pore Size and Fiber Diameter)

As alluded to previously, pore interconnections are formed by random deposition of fibers during
the electrospinning process. Based on this phenomenon, pore interconnectivity in electrospun
membranes is correlated to the mechanism of fiber deposition and structural imperfections induced
in the fibrous membrane. However, significance of each parameter on variation of interconnectivity
is different and mostly depends on the induction degree of such imperfections. Structural
imperfections can be classified in two main groups. Firstly, imperfections that partially influence
the structural properties of the membrane; bead structure along the fiber axis and partial solution
dripping can be included in this first category. Secondly, structural imperfections that interrupt the
entire membrane structure and influence the overall characteristics of the membrane. Examples of
the latter include high fiber size and low fiber deposition originating from fundamental processing
parameters in electrospinning, leading to induction of a high degree of imperfections or structural
differences in the membrane. To verify the proposed method, structural characteristics of seven
samples with different morphological features were measured and ordered in accordance with their
respective scaffold percolative efficiency (SPE), as shown in Figure 14. It was observed that the
morphology and structure of the first four samples (1 to 4) came close to fulfilling the perfect
criteria for depth filtration due to adequate fiber deposition. In contrast, the last three samples fell
well short of these criteria due to low fiber deposition resulting largely from inappropriate
processing parameters. The quantification of interconnectivity (see Figure 15(c)) revealed that
interconnectivity was increased when fiber size was decreased. Membrane 1 compared to
membrane 2 and membrane 3 compared to membrane 4 had a higher interconnectivity index,
respectively, due to lower fiber size. On the contrary, in the case of overall porosity this trend was
established inversely for the mentioned samples (Figure 15(b)). On this basis, fiber size was a
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dominating factor in determining SPE (see Figures 15(a) and (e)), and may have outweighed the
effect of lower overall porosity in the first four samples. This may be due to the influence of fiber
size within entire membrane structures, whereas reduced porosity only partially influences the
membrane structures due to beads and solution dripping (see Figures 14 (a)-(d)). As a consequence,
the highest SPE belonged to sample 1 and this value decreased slightly from sample 2 to 4,
respectively.

Although the differences between the measured values for mean SPE, interconnectivity and overall
porosity seem to be insignificant in the first four samples, it should be noted that these values were
obtained precisely through segmentation and simulation of arbitrary images at the nano scale.
Furthermore, overall porosity was measured as the remaining open area after whole fibrous
networks was projected in the 2D plane, and interconnectivity was evaluated based on limited
numbers of cumulative layers. Thus, based on the proposed method, it seems that any slight
difference in the value of structural elements results in considerable differences in depth filtration
performance. In case of the latter three samples (see Figures 14(e)-(g)), it can be observed that
sample 5 has higher pore interconnection and a greater accessible open area for depth filtration in
comparison to samples 6 and 7. This trend was also reflected in their respective measurements. In
addition, due to having the lowest fibre deposition, sample 7 (see Figure 14(g)) did not meet the
structural requirement for depth filtration and, correspondingly, its SPE was considerably lower
than the other membranes. Based on the discussion above, it was concluded that the results obtained
on intrinsic structural properties are well compatible with empirical observations of perfect
membrane structures.

Figure 14. a-g) FESEM images captured from membrane samples 1- 7, respectively.
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Figure 15. a) mean SPE, b) mean overall porosity, ¢) mean reciprocal interconnectivity (hill slopex10*), d) mean pore
size and e) mean fibre size of the sample membranes.
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4.5 Evaluation of Depth Filtration (Infiltration) and Optimal Pore Size
(OPS) in Nanofibrous Membrane

The F(x) and OPS estimate the quality of depth filtration in terms of how the accessible
channels of specific pore size are narrowed and block transport media in depth profile of the
membrane. As previously described, the depth filtration elements are determined locally
based on individual images captured from specific parts of the membrane. However, if the
deposition of fibers is almost uniform, this evaluation can be extended to the entire
membrane. The standard deviation of interconnectivity index and overall porosity can serve
as rough indicators of the quality of fiber deposition, in that a higher standard deviation
indicates higher non-uniformity of fiber deposition throughout the entire membrane. In
contrast, a small standard deviation indicates that the deposition of fibrous network was
almost uniform within the membrane. As Table 4 summarizes, the filtration elements such as
F(x) and OPS were measured locally based on the single sample images illustrated in Figures
6(a)-(g). Since the standard deviation of the interconnectivity index and overall porosity in
the first four samples was small (see Figures 15(b) and (c)), the corresponding F(x) and OPS
can contribute to evaluation of the entire membrane.

Table 4. Best fitted curves F(x) for the layered porosities and their corresponding optimal pore size (OPS)

Image code F(x) OPS (nm)
100
a 1+ 10((498-)x0015) [274-467]
100
b 1+ 10(C0.56-x)x0.018) [776-1024]
100
¢ 1+ 10((026-2x)x0.016) [294-408]
100
d 1+ 10((-0.78-x)x0.020) [354-504]
¢ 109 [226-428]
1+ 10((2:524-%)x0.024)
f 100 [161-400]
1 4+ 10((3.03-x)x0.040)
g 100 [272-410]
1 + 10((0:38=x)x0.057)
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4.6 Relation between Structural Characteristics of Chitosan Nanofibrous
Scaffold and Cell Viability

Although attaining defect-free fibrous scaffold from electrospinning of chitosan solution is a
significant challenge, the appropriate viscoelasticity of driven jet led to the formation of
smooth fibers without structural imperfections (beaded fibers and solution drippings). The
morphologies of sample scaffolds after cross-linking with GA at different processing setups
are shown in Figure 16. The observations of FE-SEM images revealed that there are no
paramount morphological variations in different sample scaffolds that can be expressed
qualitatively. On the other hand, the results obtained from MTT assay revealed that the
chitosan/PEO scaffolds produced are not cytotoxic, because mean relative absorbance and
thus mean cell viability are higher than half of the value attributed to the control sample
(scaffold-free well). In addition, mean value of viable cells in different samples was enhanced
from 50% to 110% compared to that belonging to the control (see Figure 17).The nanofibers
constituting the 3D scaffold had a mean diameter between 170 and 320nm, while the mean
pore sizes as well as overall porosity fraction varied between 330 and 790nm and between
0.11 and 0.32 in different samples, respectively. The differences between viable cells in the
samples scaffold reflect the significant effects of structural characteristics in the mechanism
of cell growth even at nanoscale. The results obtained from image analysis and simulations of
structural characteristics are illustrated in Figure 17. Statistical hypothesis tests were
implemented based on unpaired Student’s t-test criteria for comparing two mean groups
consisting of the mean values of relative absorbance versus mean fibers diameters, mean
pores size, mean overall porosity, mean reciprocal interconnectivity index, and mean scaffold
percolative efficiency separately. P values were obtained between relative absorbance and
each structural element was smaller than 0.001 which shows that these parameters are highly
statistically significant in cellular viability. Furthermore, to find the degree of correlation of
each parameter with the number of viable cells, Pearson correlation coefficients were
measured. The Pearson correlation coefficient for overall porosity and scaffold percolative
efficiency were negative, which reveals that increasing porosity and scaffold percolative
efficiency caused decreased number of viable cells, and vice versa. On the contrary,, Pearson
correlation coefficient for pore and fiber size as well as reciprocal interconnectivity index
were positive and showed an identical trend with regard to variations of viable cells. In the
electrospinning process, fiber size has an inverse correlation with porosity, whereas pore size
and fiber size show an identical trend [164-167]. In addition, based on our simulation [168],
fiber size and reciprocal interconnectivity have a direct correlation. This means that fiber size
and interconnectivity have an inverse correlation. This is due to the reduced size of fibers in
the electrospun mat increasing the interconnectivity. From comparative analysis, it was found
that the viability increased when percolative efficiency as a value obtained from dividing
porosity on reciprocal interconnectivity was decreased (see equation (8)). Previous research
has also shown that, by increasing fiber and thus pore size in the electrospun scaffold, the
cellular infiltration and viability were enhanced [164, 169-170], and the comparative study
also reflects these phenomena.

It is evident that packed surface morphologies and small pore sizes of the electrospun
membrane hinder cellular permeation and attachment which leads to a reduction in viability.
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This is because permeation of cells in 3D architecture of scaffolds was prevented. In this
situation, an adhesion site along fibers is a more beneficial parameter for cell attachment and
viability. On this basis, high fiber size and consequently larger pores for maintaining an
adequate attachment site for interaction between cells and scaffold matrix are an appropriate
condition for achieving maximum viability. Inversely, increased porosity based on small pore
size reduces the interaction between cells and scaffold matrix.

To enhance the cell attachment in 3D scaffold, it is important that the cells diffuse in different
layers in depth of the scaffold profile. If the scaffold has an optimal pore size, the
interconnectivity of scaffold leads to permeated cells being able to take advantage of entire
scaffold layers in depth profile. However, in the case of small pore sizes, the cell introduced
can only interact with the surface layers of the scaffold. In this regard, if the layers are more
packed in the depth of scaffold profile, the cells can take advantage of larger area of surface
layers for attachments. Therefore, if interconnectivity decreases, the scaffold mostly exhibits
2D architecture, which is beneficial for surface cell attachment. It is because of the faster
blocking of pores in the surface layers (low interconnectivity), which can provide a higher
attachment site for cells and thus increase the viability. This phenomenon is also reflected in
the statistical analysis in which reciprocal interconnectivity has an identical trend with
viability, and the lower values of viability in some samples compared to control show these
facts.

Figure 16. FE-SEM images in magnification of 20 kx, from nanofibrous scaffolds, a) sample 3 (variation on
deposition time), b) sample 5 (variation on feed rate) and c¢) sample 7 (variation on voltage).

From the discussion above, the comparative analysis obtained from structural simulation and
in vitro experiences are highly compatible with empirical and theoretical results attributed to
structural elements and cellular viability in nanofibrous scaffolds. It can be concluded that the
structural elements have significant impacts on cellular attachment and viability in the
nanofibrous membrane. In addition, the size of porous structures and cells determined the
quality of cellular permeation and interaction in the scaffold matrix. However, this quality
can be enhanced by optimizing structural elements even at nanoscale, resulting from
manipulation of processing parameters in electrospinning.
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Figure 17. The diagrams of mean value of relative absorbance, fiber diameter, pore size, overall porosity
fraction, reciprocal interconnectivity index and scaffold percolative efficiency for different sample scaffolds
respectively. P values smaller than 0.001 were considered statistically significant in unpaired student’s t-test.

4.7 Effect of Nanofiber Coating on Viability and Proliferation Rate of
Mesenchymal Stem Cells

High deposition time in electrospinning leads to a gradual decrease in the inner diameters of
pore channels and thus disrupts the infiltration of cells and mass transformation into hybrid
scaffold. On this basis, in the present work, a short deposition time (300 sec) was chosen in
order to favor the formation of low density chitosan/PEO fibrous coating on the surface of
commercial scaffold. Other processing parameters were selected in optimal conditions in
order to form continuous fibers without any structural imperfections. SEM images including
commercial scaffold, commercial scaffold with seeded MSCs and hybrid scaffold (MNHS)
with seeded MSCs were taken (Figure 18). These images revealed that in the absence of
fibrous coating, MSCs only attached to the surface of PS scaffold, but they were able to
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attach both to the surface and connection bridges when hybrid scaffold was used (Figure
18(c)). Cell viability and proliferation rate of MSCs were evaluated by colorimetric assay
using MTT as a chemical to enter into mitochondria of viable cells and produce formazan
crystals in presence of succinate dehydrogenase. This phenomenon was also confirmed by
DAPI images, where showed more viable cells were recognized in hybrid scaffold (Figure
19). As shown in Figure 20, proliferation rate of MSCs was increased in hybrid scaffold
during a period of 6 days in a time dependent manner. This may be due to the higher
resemblance of the structure and components of hybrid scaffold to native ECM. On the other
hand, it appears that the inclusion of chitosan/PEO nanofiber may also induce higher
hydrophilic characteristics, as well as providing cell-recognition domains, leading to
increased cell-scaffold interaction in MNHS. Furthermore, increased attachment, viability
and proliferation in MNHS may indicate exploitation of the higher surface area to volume
ratio, resulting in nano features of the scaffold, whereas the nanofibers formed the connection
bridges between PS microfibers. In addition, MSCs in presence of nano-fibrous networks
may tend to have a more stretched morphology, as well as a higher spreading and lower
degree of cell aggregation, resulting in enhanced proliferation of cells [171-172].

X788  42.9sm

Figure 18. SEM images of morphology of scaffolds used in this study:a) 3D commercial microfiber scaffold
without MSCs (magnification 60x); b) 3D commercial microfiber PS scaffold seeded with MSCs (magnification
600x); ¢) 3D Hybrid scaffold (commercial PS microfiber scaffold+ low deposition of Cs/PEO nanofiber) seeded
MSCs (magnification 700x)

Figure 19. DAPI -stained fluorescence microscopic images of MSCs seeded on scaffolds (magnification 100x):
a) 3D commercial seeded MSCs scaffold; b) 3D hybrid scaffold (MNHS) seeded MSCs. A higher attachment
density was observed with MNHS
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Figure 20. The proliferation rate of MSCs on TCPS, commercial PS scaffold and hybrid scaffolds (MNHS)
during 0, 2, 4, and 6 days. Results are presented as means = SD (n=3). Intra-day differences between TCPS,
commercial and hybrid scaffolds were significant for days 2, 4 and 6 ("P<0.05 and” P<0.01, respectively).

4.8 Effect of Nanofiber Coating on Differentiations of Mesenchymal Stem

Cells

The possibility of MSCs differentiation into both osteoblasts and adipocytes lineages was
visually confirmed by images obtained from Alizarin Red and Oil Red-O staining as shown
in Figure 21. Alizarin red was used as a marker for formation of calcified extracellular matrix
in osteogenic differentiation, whereas Oil Red-O was utilized for staining adipocytes
intracellular lipid vesicles in adipogenic differentiation.

Figure 21. Staining Images after osteogenic and adipogenic differentiation. Alizarin Red staining for mineral
deposition (left) and Oil Red -O staining for adipocytes intracellular lipid vesicles after adipogenic
differentiation (right), were performed for MSCs. Images were recorded by a Nikon TE2000 fluorescent
microscope (USA) at magnification of 100X.

4.8.1 Effect of Nanofiber Coating on Osteogenic Differentiations of Mesenchymal Stem
Cells

Alkaline phosphatase is an ectoenzyme produced by osteoblasts and can be used as a marker
for osteoblast activity. It maintains the concentration of phosphate or inorganic
pyrophosphate for initiating the mineralization process [110].The data showed that the hybrid
scaffold expressed a higher level of ALP activity than those of commercial and TCPS. The
order of this activity was MNHS> commercial> TCPS (Figure 22(a)). Since ALP activity can
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also be a marker for other lineages besides osteogenic differentiation, we used calcium
content assay for osteogenic differentiation [112, 173-174]. Increased calcium deposition in
MNHS indicated that the osteogenic differentiation was enhanced by coating of nanofiber on
commercial scaffold.
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Figure 22. a) ALP activity and b) calcium content of MSCs seeded to TCPS, commercial PS scaffold and
hybrid scaffold (MNHS). Results are presented as means = SD (n=3.) Differences between the three samples
were significant ("P<0.05) for ALP activity and calcium content of MSCs grown on each sample.

Three important bone-related genes, including Runt-related transcription factor 2 (Runx2),
osteonectin and osteocalcin were demonstrated by quantitative RT-PCR analysis to indicate
better evaluation of the osteogenic differentiation of MSCs seeding in MNHS. As a
transcription factor, Runx2 plays a significant role in the orientation of osteoprogenitors and
stem cells towards osteolineage [175-176]. In addition, this factor prominently enables the
regulation of osteoblast differentiation and maturation [177-179]. As a glycoprotein,
osteonectin establishes bonds with Ca®", hydroxyapatite and type I collagen and manipulates
the initial stages of crystal growth and cell-matrix interactions [176, 180]. Osteocalcin a bone
Gla protein also known as bone gamma-carboxyglutamic acid-containing protein (BGLAP),
which is associated with calcium binding [110]. As shown in Figure 23, higher levels of
Runx2, osteonectin and osteocalcin were expressed in MNHS compared to commercial PS
scaffold and TCPS after both 7 and 14 days. Also, the expression of these genes in PS
scaffold was higher than that of TCPS. This can be attributed to the facts that chitosan
nanofibers facilitate human osteoblast mineralization and maturation leads to higher
expression levels of ALP, Runx2, osteonectin and osteocalcin genes expression in bone tissue
regeneration [177, 181].
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Figure 23. Real-Time RT-PCR analysis results. The relative quantification of a) Runx2, b) osteonectin, c)
osteocalcin gene expression in differentiated MSCs seeded on commercial PS scaffold, MNHS scaffold and
TCPS performed at 7 and 14 days. Results are presented as means + SD (n=3). Intra-day differences between all
tested samples were significant at 7 or 14 days ('P<0.05).

4.8.2 Effect of Nanofiber Coating on Adipogenic Differentiations of Mesenchymal Stem
Cells

As mentioned earlier, only a few publications have addressed the commitment of MSCs
seeded in nano-fibrous scaffolds for adipogenic differentiation [109,114]. Here, it is
important to assess whether the combination of commercial microfiber PS coated by
chitosan/PEO nanofibers can meet analogy requirements for adipogenic differentiation. For
this purpose, the quantitative analyses of Oil red- O staining in differentiated cells for 14 days
and Real time PCR for adipo-gene expression for 7 and 14 days were performed. Adipo-gene
expression consists of peroxisome proliferator activator receptor gamma (PPARY), which is
associated with white and brown adipose tissue [182], and uncoupling protein UCP1, a brown
fat-specific marker [183]. PPARy enhances HIB-1B brown adipocyte differentiation and up-
regulates UCP-1gene expression [182, 184-185]. It was observed that both Oil Red- O
staining and adipo- gene expressions of PPARy and UCPlwere significantly promoted in
MNHS compared with commercial scaffold and TCPs, respectively (see Figure 24). These
results confirmed that the coating of chitosan/PEO nanofibers on BioTek commercial
scaffold enhanced adipogenic differentiation.  Similar to osteogenic differentiation,
increasing adipogenic differentiation may be attributed to chemicals and structural
resemblances in MNHS scaffold compared to native ECM.
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Figure 24. a )Qualitative Oil Red-O staining at 14 days; Real-Time RT-PCR analysis results, the relative
quantification of b) PPARy. ¢) UCP1 gene expression in differentiated MSCs seeded on commercial PS
scaffold, MNHS scaffold and TCPS were performed at 7 and 14 days. Results are presented as means + SD
(n=3). Intra-day differences between all tested samples were significant at 7 or 14 days ("P<0.05).
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5 Conclusions

Extracellular matrix (ECM) plays an important role in tissue regeneration due to its
modulating impacts on the adherence, viability, proliferation, differentiation and self-
renewal of stem cells. In addition to biophysical and biochemical analogies, introducing a
scaffold with the highest structural similarity to ECM can provide better compliance with
stem cell behavior. Many investigations have been conducted for the preparation and
characterization of three dimensional scaffolds fulfilling the required architecture of ECM in
micro-environments.

Electrospinning is a simple and cost-effective fabrication method for producing a 3D fibrous
network, from a wide variety of polymers, in submicron diameters. Accordingly, it has been
utilized for producing the scaffolds for tissue engineering. Although electrospun fibrous
scaffolds have many structural resemblances to ECM, their structural features have many
impacts in their applications.

In this thesis, it was observed that an increase in polymer concentration leads to an increase
in fiber diameters and reduction of bead density in electrospun nanofibers. The fiber
diameters increased proportionally with filler (carbon nanotube) concentrations up to
percolation threshold. The nanocomposite fibers exhibited different structures based on filler
and polymer concentrations. The addition of plasticizer into polymer/filler solutions led to
slight reduction in fiber diameters and the formation of spherical shaped beads. The inclusion
of plasticizer induced similar morphological variations to the electrospun fibers regardless of
its conductivity and viscosity impacts.

Furthermore, the structural characteristics such as pore size, porosity, pore interconnectivity
and scaffold percolative efficiency of electrospun scaffold were simulated by image analysis.
The proposed method can be applied to different morphological conditions even at high
degrees of structural imperfection (low fiber deposition, beading and solution dripping). The
reliability of the proposed approach was validated with measurements and comparison of the
structural characteristics of several samples with different morphological architectures. The
results and subsequent comparison were well compatible with empirical observations of
perfect membrane structures.

Mouse fibroblast cells were cultured on different samples of 3D nanofibrous chitosan/ PEO
scaffolds produced by manipulation of processing parameters in electrospinning. The cell
viability was assessed by MTT assay. The results obtained from the MTT assay showed that
nanofibrous chitosan/PEO scaffolds were not cytotoxic. A comparative study between the
structural properties and viability of cells revealed that the packed morphology of sample
scaffolds hinders cellular infiltration and attachment. However, the mean cellular viability
rose from 50 to 110% compared to that belonging to the control even at narrow distributions
of mean fiber diameter and pore size from 170 to 320 nm and 330 to 790 nm, respectively. In
addition, it was observed that cell attachment and viability were enhanced by increasing fiber
size and pore size, whereas on the contrary, this trend was the opposite for overall porosity,
interconnectivity and scaffold percolative efficiency. This may be due to increased fiber
diameter and thus pore size increasing the permeation and attachment of cells, while the other
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parameters to some extent act inversely in electrospun scaffolds. Furthermore, the results
obtained from the comparative study were highly compatible with empirical and theoretical
concepts attributed to electrospun nanofibrous scaffold and cell viability in tissue
engineering.

In addition, micro-nanostructured hybrid scaffold (MNHS) was tested as a three dimensional
novel scaffold constructed by mild coating of chitosan/PEO nanofibers on commercial
BioTek PS scaffold. It was observed that inclusion of nanofiber coating on the surface of
commercial scaffold promoted the attachment, viability and proliferation rate of MSC seeded
on MNHS. In addition, MNHS can be utilized as a scaffold for osteogenic and adipogenic
differentiation. Results obtained from RT-PCR confirmed that chitosan/PEO nanofiber
coating led to promotion of the expression level of Runx2, osteonectin and osteocalcin in
osteogenic differentiation, as well as increasing the level of PPARy and UCP1 expression in
adipogenic differentiations. This enhancement could contribute to higher biochemical
analogies and structural resemblance in hybrid scaffold. From this study, it can be concluded
that combination of micro-porosity and nano-fibrous structure in the form of hybrid scaffold
can promote MSCs behavior. Moreover, biocompatible MNHS can be used as a convenient
scaffold for proliferation and differentiation of MSCs into bone and connective tissues.
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SUMMARIES OF PAPERS

In paper I, polyacrylonitrile (PAN) nanofibers and carbon nanotube (CNT) reinforced PAN
nanofiber were successfully electrospun. Ethylene carbonate (EC) as polymer plasticizer was
added into PAN/CNT solutions. The average diameter of fibers varied from 80 to 240 nm.
The study investigated the effects of polymer concentration, CNT and EC on morphological
characteristics of electrospun PAN fibers. Electrospinning parameters were set in constant
value to prevent their mutual influences on resultant morphology. It was observed that
increasing polymer concentration led to reduction of beads density and increased diameter of
PAN nanofibers. The fiber diameters were increased by addition of CNTs below electrical
percolation threshold. In particular, it was found that the inclusion of EC enables changes in
morphological characteristic of PAN/CNT nanocomposite fiber regardless of its conductivity
and viscosity impacts.

In paper II, the structural characteristics of electrospun membranes were quantified by
introducing a rigorous image analysis technique and were used to evaluate the permeation—
filtration mechanism. To this end, a nanostructured fibrous network was simulated as an ideal
membrane using adaptive local criteria in the image analysis. The reliability of the proposed
approach was validated with measurements and comparison of structural characteristics in
different morphological conditions. The results were found to be well compatible with
empirical observations of perfect membrane structures. This approach, based on optimization
of electrospinning parameters, may pave the way for producing optimal membrane structures
for boosting the performance of electrospun membranes in end-use applications.
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In paper III, 3D nanofibrous chitosan-polyethylene oxide (PEO) scaffolds were fabricated
by electrospinning at different processing parameters. The structural characteristics, such as
pore size, overall porosity, pore interconnectivity and scaffold percolative efficiency (SPE),
were simulated by a robust image analysis. Mouse fibroblast cells (L929) were cultured in
RPMI for 2 days in presence of various samples of nanofibrous chitosan/PEO scaffolds. Cell
attachments and corresponding mean viability were enhanced from 50% to 110% compared
to that belonging to a control even at packed morphologies of scaffolds composed of pores
with nanoscale diameter. To elucidate the correlation between structural characteristics
within the depth of the scaffolds’ profile and cell viability, a comparative analysis was
proposed. This analysis revealed that larger fiber diameters and pore sizes can enhance cell
viability. On the contrary, increasing the other structural elements such as overall porosity
and interconnectivity can reduce the viability of cells due to a simultaneous reduction in fiber
diameter and pore size through the electrospinning process. In addition, it was found that
manipulation of the processing parameters in electrospinning can compensate for the effects
of packed morphologies of nanofibrous scaffolds, and can thus potentially improve the
infiltration and viability of cells.

In paper IV, a new hybrid scaffold constructed by coating electrospun chitosan/polyethylene
oxide (PEO) nanofibers on commercial BioTek polystyrene (PS) scaffold obtained from
Sigma Aldrich was presented. The viability and proliferation rate of mesenchymal stem cells
(MSCs) seeded on micro-nano structured hybrid scaffold (MNHS) and commercial PS
scaffolds were analyzed by MTT assay. The results of MTT assay revealed a higher degree of
viability and proliferation rate in MSCs seeded on MNHS compared with commercial PS
scaffold. DAPI images also confirmed the higher degree of attachment and viability of MSCs
seeded on MNHS. Moreover, MSCs on both scaffolds differentiated to osteoblasts and
adipocytes cells, as reflected by the images obtained from Alizarin Red and Oil Red-O
staining. Alkaline phosphatase activity (ALP) and calcium content assays revealed that the
MNHS has a higher potential for osteogenic differentiation than the commercial scaffold. To
quantify the osteoblast and adipocyte gene expression, quantitative RT-PCR was carried out
for MNHS, commercial scaffold and Tissue culture polystyrene (TCPS). It was found that
MNHS can express a higher level of Runt-related transcription factor 2 (Runx2), osteonectin
and osteocalcin in osteogenic differentiation as well as increased expression of PPARy and
UCP-1 in adipogenic differentiation. The enhancement of attachment, viability and
proliferation as well as bi-lineage differentiation may result from biochemical and structural
analogies of MNHS to native ECM. Furthermore, it was observed that biocompatible MNHS
scaffold can potentially be utilized as a suitable scaffold for bone and connective tissue
engineering.
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