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Abstract
Rupture of the anterior cruciate ligament (ACL) is one of the most common ligamentous
injuries of the knee. Post rupture, the ACL does not heal on itself due to poor vasculature and
hence surgical intervention is required to treat the ACL. Current surgical management of ACL
rupture consists of reconstruction with autografts or allografts. However, the limitations associated
with these grafts have prompted interest in tissue engineered solutions that combine cells, scaffolds
and stimuli to facilitate ACL regeneration. This thesis describes a ligament tissue engineering
strategy that involves incorporating biomolecules within fibers-based electrospun meshes which
mimics the extra-cellular matrix microarchitecture of ligament. However, challenges exist with
incorporation of biomolecules. Therefore, the goal of this research project was to develop two
techniques to incorporate biomolecules within electrospun meshes: (1) co-axially electrospinning
fibers that support surface-grafting of biomolecules, and (2) co-axially electrospinning fibers
decorated with biomolecule-loaded microspheres.
In the first approach, chitosan was co-axially electrospun on the shell side of poly
caprolactone (PCL) and arginine-glycine-aspartate (RGD) was attached to the electrospun meshes.
Bone marrow stromal cells (BMSCs) attached, spread and proliferated on these meshes. In the
second approach, fluorescein isothiocyanate labelled bovine serum albumin (FITC-BSA) loaded
chitosan-alginate (CS-AL) microspheres were fabricated. The effects of cation to alginate ratio,
type of alginate and concentration of CaCl2 on microsphere size, FITC-BSA loading and release

were systematically evaluated. The CS-AL microspheres were then incorporated into the sheath
phase of co-axially electrospun meshes to achieve microsphere-decorated fiber composite meshes.
The results from these model study suggest that both approaches are tractable for
incorporating biomolecules within fibers-based electrospun meshes. Both these approaches
provide platform for future studies that can focus on ligament-relevant biomolecules such as FGF2 and GDF-5.
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Chapter 1
Background and overview of thesis
1.1

Introduction
Anterior cruciate ligament (ACL) plays an important role in stabilizing the knee joint [1].

Its strain or rupture disrupts normal biomechanical function and affects patient’s ability to walk
and run [2]. Unlike extra-articular ligaments like the medial collateral ligament [3], the ACL does
not heal after damage [4] and hence surgical intervention is needed for the functional repair of the
ACL. Presently, surgical interventions based on autograft or allograft have been used to treat ACL
ruptures [4]. Although, these grafts have played an important role in restoring the functions of the
knee (at least to some extent), the limitations associated with these grafts have prompted an interest
in tissue engineered solutions for ACL repair [5]. However, the requirements of tissue-engineered
grafts are dictated by components of the tissue engineering paradigm. Therefore, understanding
the roles and requirements of each component involved in tissue engineering paradigm is critical
towards designing a graft that can aid in the repair or regenerate of the ACL.
This chapter begins with a discussion on the ACL anatomy, its biomechanics and the
clinical need to treat the ACL injuries. The chapter then reviews the current available options for
treatment of the ACL injuries, identifying the key limitations of each option. Next, the chapter
describes the basic paradigm of tissue engineering and discusses each component of tissue
engineering paradigm in the context of ligament tissue engineering application. In particular, it
describes how judicious selection of biomaterials, scaffold fabrication technique, and cell source
can facilitate ligament tissue engineering. The chapter than focuses on biochemical stimulation
and delivery of those biochemical. Specifically, it reviews various biomolecules that play an
important role in promoting attachment, proliferation and differentiation of cells towards

1

ligament/tendon lineage. After that, the chapter discusses approaches to deliver these
biomolecules, identifies the limitations with present delivery systems and recommends two
strategies – namely covalent conjugation and delivery via microspheres – as alternatives to current
existing systems. Finally, the chapter elaborates on the recommended strategies and ends with an
overview of the specific goals of the thesis and means adopted to accomplish them.
1.2

Anterior cruciate ligament (ACL) anatomy

Figure 1.1: Schematic representation of the knee joint. The image shows all the four ligaments of
knee along with femur and tibia. ACL is highlighted in red color.
The ACL is one the four ligaments in the knee (Figure 1.1) [1] that connects the femur to
the tibia. Although, its primary function is to prevent anterior translation of the tibia, it also
stabilizes against internal rotation of the tibia [6]. It is composed of two bundles – an anteromedial
bundle and a posteriolateral bundle (Figure 1.2) [6]. The two bundles are further divided in a
hierarchical structure consisting of cells, proteins and proteoglycans.

2

Figure 1.2: Picture of anteriomedial bundle (AM) and posteriolateral bundle (PM) of the ACL
[7]. Reprinted with permissions from SAGE publishers Inc. The AM and PM are distinguishable
near the femur. ACL connects at two places on femur while it connects at one place on tibia.
The ACL, similar to most of the connective tissues, is dense and highly collagenous. The
ACL consists primarily of collagen types I (88 %) and III ( ̴ 12 %) [5, 8] with minor amounts of
elastin, fibronectin, decorin and biglycan [5]. The collagen molecules in ligaments and tendons are
organized into structural hierarchy (Figure 1.3). The collagen molecules aggregate to form
microfibrils which in turn assemble to form subfibrils. The subfibrils bundle together to form
fibrils (25 – 250 nm) [9] and the fibrils associate together to form fibers (1 – 20 µm). These fibers
are bundled to produce a subfascicular unit (100 – 250 µm) which is surrounded by loose
connective tissue known as the endotenon. Three to twenty, subfascicular units combine to form
fasiculus (250 µm to several mm) [10] which is surrounded by connective tissue known as
epitenon. Individual fascicles pass directly from the femur to tibia [11] The fascicles possess a
crimp (zig-zag) pattern which allows for straightening of the fibers at smaller loads and thus
prevents collagen fiber damage at smaller loads [12].
3

Figure 1.3: Schematic representation of structural hierarchy of collagen in ligament/tendon.
Collagen molecules aggregate to form fibrils; fibrils group together to form fibers; fibers combine
together to form sub-fascicular unit; sub-fascicular units accumulate to form sub-fasciculi; subfasciculi bundle together to form fascicle. Fibroblasts are present in the sub-fasciculi and nerves
and blood vessels are present on the fascicle.
The typical stress strain curve for ACL is shown in the Figure 1.4. When tension is initially
applied on a ligament, the ligament exhibits low amount of stress per unit strain [11]. This region
is known as the “toe-region” and it is the result of straightening of the crimp pattern in the collagen
fibrils and the expulsion of water. Once the crimp pattern is straightened, the tension is applied to
the collagen molecules. This leads to stretching of collagen triple helix [13] (which in turn leads
to slippage of between crosslinks) and it results in increased stress per unit strain. This region is
denoted as linear region [14] and the elastic modulus of ACL (111 MPa [15]) can be computed
from it. Finally, at high tensions the collagen fibers in the ligament fail by defibrillation causing a
decrease in stress per unit strain. This region is known as yield and failure region. The ultimate
tensile stress (UTS) for ACL is 38 MPa and the ligament fails between 12 to 15% strain [16].
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Figure 1.4: Typical stress strain behavior for ligaments/tendons [17]. Reprinted with permissions
from SAGE publishers Inc. The cartoons in the chart denote the collagen structure under different
stress. Initially, the collagen fibers are in crimped pattern (toe-region). As the tension increases,
the fibers are straightened and pulled, and then defibrillation of fibers leads to the failure.
1.3

Medical problems and current available solutions for ACL injuries
Injuries to the ACL are caused by actions such as rapid twisting, abnormal rotation of the

femur with respect to the tibia, and excessive force and direct trauma [18]. Most of these injuries
result in a partial or complete tear (rupture) of the ACL. The ACL does not heal properly by itself
due to poor vasculature [4], and if left untreated, ACL injury can lead to recurrent injury, damage
to menisci and articular cartilage, and osteoarithis [4]. Presently, surgical intervention is the only
solution to treat ACL ruptures.
The current gold standard for surgical interventions is autografts (a graft of tissue extracted
from patient’s body). Usually, autografts based on bone-patellar tendon-bone (BPTB) or hamstring
tendons (HT) have been used to reconstruct ACL ruptures. While they possess appropriate
5

mechanical properties for ACL repair and present little or no risks for immune rejection, their
availability is limited and risk morbidity [19]. For instance, explantation of BPTB grafts disrupts
the vasculature at the donor site, which can lead to donor site morbidity, pain, weakness, muscle
atrophy and tendonitis [20]. HT autografts, on the other hand, are associated with lower donor site
morbidity [21]. The usage of HT autograft can lead to risk of increased laxity during follow up,
tunnel widening and decreased tibial rotation [22]. Alternatively, allografts are used for ACL
reconstruction to avoid the donor site morbidity.
Allografts for ACL are tissues excised from cadavers and stored until surgery [23].
Allografts circumvent the problems associated donor site morbidity and they are widely available
[5]. Furthermore, they possess mechanical properties comparable to native ACL. However, these
grafts are associated with risks of disease transmission [5] and immune rejection. Furthermore,
long term storage of allografts results in loss of mechanical properties [24] of those grafts.
In addition to autograft and allograft, synthetic grafts such as Gore-Tex ®, Dacron ®,
carbon fibers (also known as Leeds-Keio artificial ligaments) and ligament augmentation device
(LAD) have been tested to repair ACL ruptures. These grafts are non-biodegradable and they are
currently not approved by FDA for ACL replacements [5]. The grafts made form Gore-Tex®
possessed high strength and fatigue life and produced limited particulate debris [5]. However, these
grafts suffered from material fatigue, fraying at the bone tunnels, and insufficient tissue in-growth
[5]. The Dacron ®, on the other hand, showed significant tissue in-growth and high initial strength,
but did not provide knee stability and failed by rupture at the femoral or the tibial insertion sites
[5]. The carbon fiber grafts demonstrated initial high strength [25], however they elicited foreign
body response [5] and the debris from the grafts were found within joints and regional lymph nodes
[5]. LADs used in conjunction with patellar tendon graft, improved the tendon fixation to the bone,
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however they delayed the maturation of the graft [5]. The disadvantages of autograft, allograft and
synthetic grafts have prompted an interest in tissue engineered solution for ACL repair.
1.4

Tissue Engineering Strategies
Tissue engineering is a multi-disciplinary field that incorporates principles from biology,

material science, engineering and chemistry to replace, repair or regenerate tissues in order to
restore the normal function of damaged tissue [26]. The field operates under paradigm of three
basic components: a structural scaffolds, cell sources and stimulations (Figure 1.5). Bearing this

Figure 1.5: Tissue engineering paradigm. The tissue engineering paradigm consists of three
components: scaffolds, cells and stimuli. These three components should be carefully selected
in the design of an engineered tissue graft.
in mind, there are wide variety of options available for fabricating tissue engineering grafts. For
instance, the scaffolds for tissue engineering can be made by selecting biomaterials and processing
techniques from the various available options. Stimulation cues, such as topography, growth
factor, and cell attachment sites, can be incorporated within the scaffolds either during or post
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fabrication to improve the functionality of the scaffold. Different types of cells such as embryonic
stem cells (ESCs), mesenchymal stem cells (MSCs) or tissue-specific cells, such as fibroblasts,
and endothelial cells, can be incorporated within the scaffolds during or post fabrication. However,
each component of tissue engineering paradigm should be selected after careful consideration.
1.4.1

Scaffolds:
The first component of tissue engineering paradigm provides guidance for design and

fabrication of scaffold. An ideal scaffold for tissue engineering should mimic the target tissue’s
extracellular matrix (ECM) [27]. Specifically, the scaffolds should (1) be porous to favor tissue
integration, cell migration, promote vascularization and, transport of nutrients and waste; (2) be
bioresorable so that the tissue can replace the scaffolds; (3) possess appropriate surface chemistry
to promote cellular functions such as attachment, proliferation and differentiation; (4) have
adequate mechanical properties to support the cells and match the target tissue’s requirements; (5)
not induce any adverse effects such as immune response; and (6) be easily fabricated into variety
of sizes of shapes. Bearing these requirements in mind, several materials have been used or
synthesized and fabricated for tissue engineering scaffolds [28, 29].
1.4.1.1

Biomaterials for scaffolds
Natural materials such as collagen, silk, and alginate have been investigated for fabricating

scaffolds for tissue engineering applications [11, 30, 31]. Natural materials present receptor
binding ligands which assist in cell attachment and proliferation. Furthermore, these materials can
be easily remodeled and degraded in vivo by cellular enzymes such as matrix metalloproteinases
secreted by fibroblasts [32]. In addition, these materials can fabricate scaffolds possessing high
modulus. For instance, electrospun collagen possessed a tensile modulus (under dry conditions) of
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262 MPa [33] while electrospun gelatin post cross linking exhibited modulus of 424 MPa [34].
Although, these materials are relatively non-elastic and they are not amenable to harsh processing
conditions such as solvents. In addition, natural materials are associated with processing
variabilities [35].
Synthetic materials such as such as poly glycolic acid (PGA), poly lactic acid (PLA), poly
caprolactone (PCL) and their co-polymers have been investigated for ligament/tendon tissue
engineering [36, 37]. These materials are biocompatible and relatively inert. However, these
materials can be modified to incorporate functional groups and molecules to promote specific
ligand binding thus promote cellular activities such attachment [38] and differentiation [39]. In
addition, the rates of degradation (hydrolytic) of these materials can be controlled by changing
monomer ratios of blocks to vary from a couple months to a few years [40]. These materials exhibit
high strengths and moduli (from few MPa to GPa [41, 42]). However, these materials are relatively
non-elastic and they have been shown to fatigue under cyclic loads in vivo [43].
Elastic synthetic materials such as poly urethanes (PUs) have been widely tested for
ligament tissue engineering applications [44, 45]. PUs are biocompatible and they are fatigue
resistant under cyclic loads. Furthermore, PUs can be designed to incorporate chemical linkages
that can tune the degradation rate of PUs [46]. However, scaffolds processed from PUs usually
have lower mechanical strengths in comparison to human ACL [47].
1.4.1.2

Scaffold fabrication technique
The choice of scaffold fabrication technique is usually dictated by the architecture of the

target tissue’s ECM. Since, the ECM of ligament consists primarily of collagen which possesses
a fibrous hierarchical structure [9], fibrous scaffolds are preferred for tissue engineering of
ligaments. Fibrous scaffolds have been produced using different methods, such as drawing,
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template synthesis, wet spinning, melt extrusion and electrospinning [48]. The drawing process
involves deposition of a polymer droplet on a solid support, stretching (drawn) the droplet with
AFM nanoprobe [49] and drying the liquid to form fibers. It takes a finite amount of time to pull
each fiber to achieve a particular diameter which makes this technique essentially non-scalable
[50]. The template synthesis method involves synthesizing the materials within the pores of a
membrane [51]. Since the membrane used for fabrication contains cylindrical pores of uniform
diameter, mono-disperse fibers can be obtained by this method [52]. However, this method is not
scalable [18]. In wet-spinning process, a polymer is dissolved in a solvent and the polymer is
extruded into coagulation bath (the bath contains a solvent which does not dissolve the polymer)
to form fibers [53]. The wet spun process produces fibers with high tensile modulus [54]. In
addition, since, multiple compounds can be dissolved in same solvent, this process can be used to
fabricate fibers containing multiple functionalities [53]. On the other hand, in melt extrusion, the
polymer is melted and forced through a die that controls the fiber diameter size [55]. Since there
is no solvent involved in melt extrusion, this process has lower manufacturing cost and produces
higher amount of fibers in given time in comparison to wet spinning and electrospinning [53].
However, both melt-extrusion and wet spinning can produce fibers as low as 28 µm only [56, 57].
Electrospinning, on the other hand, offers advantages such as wide range of fiber diameters (from
100 nm to 5 µm), and simplicity of fabrication [58].
A typical electrospinning set-up consists of a voltage source, a syringe pump and a collector
(Figure 1.6). An electric potential is applied between a nozzle (usually syringe needle which
contains the polymer solution) and a collector. At a sufficient voltage difference, the electrostatic
force overcomes surface tension of the polymer solution and results in ejection of a polymer
filament[58]. After traveling short distance, the jet becomes unstable and undergoes whipping
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motion which causes bending and stretching of the jet [59] and dries to form fibers. The fibers are
collected on the collector. After deposition on the collector, the fibers fuse together to form nonwoven meshes.

Figure 1.6: Schematic representation of electrospinning. Polymer solution is pumped via syringe
pump and an electric potential (between tip and collector) causes ejection of polymer jet. The
polymer jet stretches and dries to form fibers, and the fibers are deposited on the collector.
The electrospinning process can create fibers from 100 nm to 5µm [60]. The diameter of
fibers produced by electrospinning can be varied by changing parameters such as polymer solution
concentration, solution conductivity, surface tension, polymer molecular weight, voltage, flow
rate, distance between the tip and the collector and environmental parameters (such as temperature
and relative humidity) [58]. Furthermore, the fibers can be aligned by electrospinning onto a
rapidly rotating drum [60] or into the space between two parallel plates [61] or drums [62].
The chemical properties of electrospun fibers can be tuned by changing polymer material.
Fibers have been electrospun from both natural (collagen, silk, alginate) [63-65] and synthetic
polymers (PCL, PLGA, PEO) [62, 66, 67]. Surface modification of the electrospun meshes
11

provides one way to modify electrospun meshes. For instance, physiosorption (soaking the
electrospun meshes in fibrinogen [60]) or chemisorption (conjugation RGD to electrospun meshes
[38]) can be used to improve the attachment of cells on electrospun meshes. Encapsulation of
molecules within electrospun meshes provides another way to modify electrospinning meshes. For
instance, incorporation of FGF-2 [68] or BMP-2 [39] within electrospun meshes can promote cell
proliferation or cell differentiation respectively. The advantages associated with electrospinning,
such as flexibility in tuning scaffolds properties, fiber diameters and fiber alignment, make it a
promising technique for fabricating fibrous meshes for a variety of tissue engineering applications
such as skin [48], musculoskeletal [62], cardiac [69], and neural [70].
1.4.2

Cell source
The second component of tissue engineering paradigm provides guidance for selection of

appropriate cell source. Different types of cells such as ligament/tendon fibroblast, dermal
fibroblast, mesenchymal stem cells (MSCs) are available for ligament tissue engineering
applications. While, fibroblasts derived from ACL may seem to be an appropriate cell source, they
are difficult to obtain [5] and their explantation may lead to significant donor site morbidity [18].
Dermal fibroblasts, on the other hand, can be obtained from a skin biopsy and these cells can
proliferate rapidly. However, dermal fibroblasts express different ECM receptors (which might
not be specific to ligament and thus may not provide specific cellular responses) as compared to
ligament fibroblasts [71]. In addition, their performance might be affected as they will be
transplanted into a physiologically different site [72].
MSCs are an alternative cell source to fibroblasts for ligament tissue engineering. MSCs
are adult stem cells that are present in various tissue types such as bone marrow, skin, muscle and
fat [73]. MSCs isolated from bone marrow (often referred to as bone marrow stromal cells
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(BMSCs)) can differentiate into bone, cartilage, ligament, tendon, muscles, fat and other
connective tissues (Figure 1.7) [74]. Furthermore, MSCs secrete immunomodulatory factors that
may prevent immune response [75, 76] which makes allogenic MSCs a potential cell source for

Figure 1.7: The mesengenic process diagram [77]. Reprinted with permissions from Elsevier Inc.
The figure demonstrates potential of MSCs to differentiate towards different lineages.
tissue engineering applications. However, the directed differentiation of MSCs towards ligament
fibroblast is a crucial factor if MSCs are to be used in ligament tissue engineering. To date, the
knowledge of directing the differentiation of MSCs towards ligament lineage is limited.
MSCs have been compared to fibroblasts for in terms of proliferation and ligament specific
ECM generation. For instance, when compared to ACL and MCL fibroblasts, MSCs proliferated
faster and deposited more ligament-specific ECM in vitro [78]. In another study, that compared
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rabbit BMSCs and ACL fibroblast seeded on silk scaffolds, BMSCs exhibited higher proliferation
and produced higher collagen type I and III, and tenasin-C [79].
Furthermore, MSCs have also been tested for ligament tissue engineering applications. For
instance, rabbit MSCs seeded on composite silk scaffold produced collagen-I and developed
sufficient mechanical strength that could potentially be used for ACL regeneration [80]. MSCs
differentiated into the tenogic lineage with ectopic expression of scleraxis [81] and when cocultured with tenocytes [82]. In vitro cylic strain has been shown to promote MSCs to express
ligament specific phenotype [83]. These advantages make MSCs a favorable cell type for ACL
repair and regeneration.
1.4.3

Biochemical and chemical stimulation
The third component of the tissue engineering paradigm provides guidance for application

of relevant external stimuli. The external stimuli applied try to mimic the complex heterogeneous
nature of the ECM. The ECM consist of mixture of soluble and non-soluble biomolecules such as
proteins which affect adhesion, proliferation, migration and differentiation. Hence, biochemical
cues such as growth factors, morphogens and differentiation factors have been applied to tissue
engineering scaffolds. In particular, fibroblast growth factor-2 (FGF-2), growth and differentiation
factor -5 (GDF-5) and the RGD peptide have shown favorable results in promoting attachment,
proliferation and differentiation of MSCs towards the ligament/tendon lineage [84].
1.4.3.1

Fibroblast growth factor -2 (FGF-2)
FGF-2 also known as basic FGF (bFGF) acts as a mitogen for variety of cells of

mesenchymal and neuroectodermal origin [85]. FGF-2 promotes growth, differentiation, migration
and survival of wide varieties of cells. Specifically, when FGF-2 attaches to FGF receptor on cells,
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it promotes proliferation via MAPK pathway [86]. FGF-2 possesses angiogenic [87] and
proliferative potentials [88], making it attractive for wound healing [88] and vascular tissue
engineering [89] applications.
Recently, FGF-2 has been also applied to promote ligament/tendon healing and
regeneration. Animal studies revealed that FGF-2 had a significant impact on healing of tendons
and ligaments [90, 91]. Furthermore, in-vitro studies have demonstrated that FGF-2 play an
important role in promoting proliferation and differentiation of cells towards the ligament/tendon
lineage. For instance, Hankemeier et al. [92] added FGF-2 to human MSCs which were seeded on
tissue culture plates. They demonstrated that presence of FGF-2 enhanced BMSCs proliferation
and led to a higher amount of ECM protein (collagen I, collagen III) expression. Cai et al. [93]
transfected MSCs with adenovirus containing FGF-2 genes and demonstrated a higher expression
of tendon specific genes and the enhancement of cell proliferation. Sahoo et al. [68] demonstrated
that FGF-2 (incorporated into silk meshes) increased cell density and promoted differentiation of
MSCs to the ligament or the tendon lineage. These observations suggest that FGF-2 plays an
important role in promoting MSCs proliferation and enhances ligament/tendon specific ECM
production. Thus, FGF-2 could potentially be an important part of ligament tissue engineering
strategy.
1.4.3.2

Growth and differentiation factor -5 (GDF-5)
GDF-5 – also known as cartilage derived morphogenic protein-1 (CDMP-1) – is a member

of the TGF-β/BMP superfamily, and plays an important role in MSC differentiation into the
ligament and tendon tissue types [94]. Specifically, binding of GDF-5 to its receptors, activates
the Smad signaling pathway. Briefly, smad nuclear transcription factors – Smad1, 5 and 8 –
localize within the nucleus of the cells and promote tenocyte differentiation [95]. Ectopic
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expression of GDF-5, induces neo-tendon and ligament formation, suggesting that GDFs act as
signaling molecules during embryonic tendon and ligament formation [96]. These examples
suggest that GDF-5 play an important role in differentiating MSCs towards ligament or tendon
lineage. Thus, GDF-5 could potentially be an important part of ligament tissue engineering
strategy.
1.4.3.3

Arginine-glycine-aspartic acid (RGD) peptide
The RGD sequence is the minimal integrin binding sequence present in many ECM

proteins, such as fibrinogen, fibronectin, vitronectin, plasminogen, osteopontin [97], and has been
shown to affect cell adhesion in two ways [98]: it promotes cell attachment when it is bound to a
biomaterial surface, and it inhibits cell adhesion when it is present in solution. Both the modes of
application of RGD have found applications. For instance, soluble RGD has been used for
treatment of hepatic fibrosis [99] and for controlling thrombus formation [100]. On the other hand,
surface conjugated RGD peptides have been used to improve osseointegration of implants [101,
102]. Apart from affecting cell adhesion, RGD offers several other advantages. RGD when
compared to native proteins, maintain their functionality under many processing and sterilization
conditions applied during fabrication of scaffolds [103]. Furthermore, RGD covalently bound to
scaffolds can exhibit higher functionalities in comparison to proteins, since the orientation of RGD
can be easily controlled [103]. In addition, the use of RGD minimizes the risks of pathogen transfer
or immune reactivity, especially when the source of the peptide is xenogenic or cadaveric [103].
However, the potency of RGD based peptides is approximately 1000 fold lower than native
fibronectin [104]. Furthermore, RGD cannot recapitulate all of the cell responses triggered by full
length proteins, since the protein can bind to large number of integrins as compared to RGD [103].
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RGD has been used for tissue engineering applications to promote cellular functions such
as attachment, proliferation and differentiation. For instance. Zhang et al [38] seeded MSCs on
RGD conjugated PCL meshes and demonstrated that RGD promoted cell attachment and actin
cytoskeleton development. In another set of studies, Chen et al [105] observed that seeding of
MSCs on RGD conjugated silk scaffolds improved cell attachment, proliferation and collagen I
expression, suggesting a potential for ligament repair. Further, Kardestuncer et al [106], seeded
tenocytes on RGD conjugated silk meshes and demonstrated that RGD promoted cell attachment
proliferation and differentiation of tenocytes. These studies suggest that conjugation of RGD
peptide on the tissue engineered scaffolds can enhance stem cell attachment and stimulate cellular
processes such as proliferation and differentiation. Thus, RGD could potentially be an important
part of ligament tissue engineering strategy.
1.4.4

Summary of tissue engineering and protein or peptide delivery
Tissue engineering is a promising alternative for regeneration or repair of the ACL.

However, proper selection of each of component of the tissue engineering paradigm is critical to
facilitate tissue engineering. Bearing this in mind, a fibrous scaffold (fabricated by
electrospinning), made from biodegradable polyesters (e.g., PCL, PLGA), containing bioactive
molecules (e.g., FGF-2, GDF-5 and (or) RGD) and seeded with MSCs may aid in repair or
regeneration of the ACL.
However, a principle challenge in fabricating such a scaffold is the delivery of functional
biomolecules. The biomolecules can be incorporated within tissue engineering scaffolds either by
immobilization of biomolecules or encapsulation of the biomolecules within tissue engineering
scaffolds. Hence, this chapter from this point onwards discusses these two strategies.

17

1.5

Immobilization of biomolecules
The first strategy to deliver biomolecules in tissue engineering scaffolds is based on

immobilization of biomolecules. Biomolecules can be immobilized by following techniques: (1)
physical adsorption of biomolecules onto biomaterial surface (2) covalent immobilization of the
biomolecules on biomaterial surfaces [107]. Physical adsorption is easier to implement and hence
it has been tested for delivering biomolecules for tissue engineered scaffolds. For instance, BMP2 physically adsorbed on electrospun PLGA meshes has been shown to promote osteogenesis
[108]. However, physical adsorption suffers from poor reproducibility, non-specific binding and
rapid desorption of biomolecules [109]. Covalent conjugation, on the other hand, can overcome
most of these limitations. Recently, covalently conjugation has been tested to deliver biomolecules
for tissue engineering. For instance, RGD covalently conjugated to aminolyzed electrospun
meshes promoted attachment and spreading of MSCs [38]. Similarly, BMP-2 covalently
conjugated to aminolyzed PCL meshes has been shown to promote osteogenesis of MSCs [39].
However, there are certain challenges associated with this approach. For instance, most of the
synthetic polymers used for electrospinning are not amenable to covalent conjugation and hence
surface modification is required to introduce reactive sites (such as –NH2, -COOH, -SH etc.) for
conjugation. Post surface modification, the choice of cross linking agent plays an important role
in affecting the activities of proteins and peptides [110]. Therefore, the challenges associated with
surface modification and cross linking chemistry should be addressed if covalent conjugation is to
be utilized for immobilizing biomolecules on tissue engineering scaffolds.
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1.5.1

Surface modification
The first challenge in utilizing covalent conjugation of biomolecules to tissue engineering

scaffolds is surface modification. A variety of surface modification techniques have been
employed to introduce functionalizable groups onto the surface of synthetic biomaterials. Plasma
treatment with air, oxygen, and ammonia have been utilized to create –COOH or –NH2 groups on
the surface [111]. Although plasma treatment can produce large amounts of functional groups,
plasma treatment it cannot modify the inner surfaces of porous polymer scaffold [112] and this
limits its application. Wet chemical techniques such as aminolysis and hydrolysis, on the other
hand, can overcome this limitation and create high density of functional groups in electrospun
meshes [38]. Nonetheless, these wet chemical techniques degrade/erode the surface [113].
Furthermore, these techniques can also lead to decrease in bulk mechanical properties for thin
fibers and membranes [113]. Coating the surfaces of tissue engineering scaffolds provides an
alternative to these techniques for surface modification. Specifically, dip coating has been used for
surface modification of tissue engineering scaffolds [114, 115]. Another technique, co-axial
electrospinning – which is specific for coating electrospun mesh – has also been used for surface
modification.
Co-axial electrospinning is a modification to electrospinning system in which two polymer
solution are pumped through a two capillary spinneret (arranged in concentric manner (Figure1.8))
and electric potential is applied. The polymer jet is ejected in form of core-sheath fibers. Coresheath fibers can improve thermal and electrical conductivities of electrospun fibers [116].
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Figure 1.8: Schematic representation of co-axial electrospinning set-up. Two polymers solutions
(red-core and green-shell) are pumped via syringe pumps in a set-up consisting of concentric
needle and potential is applied to the needle tip. The polymer jet is ejected and collected as coreshell fibers on the collector.
Co-axial electrospinning has been also utilized for surface modification of electrospun
meshes. For instance, Zhang et al [117] electrospun collagen on the shell side of PCL and
demonstrated that co-axially electrospun meshes promoted cell proliferation and attachment. In
another set of studies, Nyugen et al [118] co-axially electrospun chitosan on the shell side of
poly(L-lactic acid) (PLLA) and demonstrated good anti-bacterial properties of the mesh. Similarly,
Wang et al [119], co-axially electrospun heparin on the shell side of PLLA-co-PCL and
demonstrated that this mesh had anti-thrombogenic properties.
1.5.2

Cross linking chemistry
Proteins or peptides can be conjugated via functional groups, such as amines (-NH2),

carboxylic acids (-COOH), sulfhydryls (-SH) and carbonyls (-C=O), to various polymer surfaces.
These functional groups dictate the choice of linker for conjugation. For instance, carbodiimide
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linkers such as 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) or dicylcohexyl
carbodiimide (DCC) can be used to link amines to carboxyl groups. Amine and sulfhydryl groups
can be linked to maleimide, haloacetyls and pyridyl disulfides.
1.5.2.1

EDC/NHS chemistry
EDC is a zero-length cross linking agent used to link the carboxyl group to the amine group

(Figure 1.9). The conjugation using EDC occurs in two steps. In the first step, EDC reacts with the
carboxyl group from the peptide to form an unstable O-acylisourea intermediate. Primary amines
on the biomaterial surface, protein or peptide can then react with the intermediate activated
compound to form an amide bond. However, the intermediate is unstable; hence, the intermediate
is usually reacted with N-hydroxy succinimide (NHS) or sulfo-NHS to produce a more stable
intermediate. This new intermediate then reacts with amines to form amide bond. However, a risk

Figure 1.9: Carbodiimide linking chemistry. Peptide reacts with EDC to create an unstable
O-acylisourea intermediate. This intermediate reacts with sulfo-NHS or NHS to create amine
reactive NHS ester intermediate. The new intermediate then reacts with primary amines from
the scaffold to form peptide conjugated scaffolds.
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with carbodiimide chemistry is that it can polymerize proteins and peptides (because they have
both amine and carboxyl groups).
1.5.2.2

Sulfo SMCC linking chemistry
Sulfo

succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate

(sulfo-SMCC)

contains an amine reactive NHS ester group and sulfhydryl reactive maleimide group. It links the

Figure 1.10: Sulfo-SMCC linking chemistry. Primary amines from peptides or scaffolds react
with sulfo-SMCC to give a maleimide activated intermediate. This intermediate reacts with
sulfhydryl activated peptide to give peptide conjugated scaffold.
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amine containing compound to a thiol containing compound (Figure 1.10). The conjugation using
sulfo-SMCC occurs in two steps. In the first step, the NHS ester reacts with the primary amine
group from the scaffold, protein or peptide to form an amide linkage. The scaffold or peptide can
be stored or used immediately for further conjugation. In the second step, the maleimide group of
the sulfo-SMCC reacts with the sulfhydryl group from another protein or peptide to form a thiourea
bond. The two-step conjugation process ensures activation of only one compound at a time and
thus leads to much more specific conjugation of peptides as compared to EDC/NHS.
1.6

Encapsulation of biomolecules within tissue engineering scaffolds
The second strategy to deliver biomolecules is based on encapsulation of the biomolecules

within tissue engineering scaffolds. Biomolecules can be encapsulated by the following methods:
(1) mixing (blending) the biomolecules within polymer solution and fabrication of scaffold from
that solution, and (2) incorporating the biomolecules within micro-and nano- particles and
embedding those particles within scaffolds. Blending is easier to implement (since it can involves
only step in fabricating biomolecules loaded scaffolds) and hence it has been tested for delivery of
biomolecules within tissue engineering scaffolds. For instance, electrospun meshes prepared by
blended epidermal growth factor (EGF) with silk fibroin solution have been used for wound
healing [120]. However, direct incorporation of biomolecules within a synthetic polymer solution
(used for scaffold fabrication) can lead to loss of their bio activity either due to interactions with
the organic solvent or due to mechanical process of dispersion [121]. On the other hand,
incorporation of biomolecules within nano- and micro- particles and then embedding this delivery
vehicles can overcome most of these limitations.
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1.6.1

Micro- and nano-particles for delivery of biomolecules
Micro- and nano-particles are generally biocompatible, provide high bioavailability [122]

and encapsulate wide variety of biomolecules such as drugs [123, 124], proteins [125], and nucleic
acid [126]. Furthermore, the encapsulation and release of biomolecules from the micro- and nanoparticles can tuned by varying the parameters used for microsphere fabrication: (1) type of
polymer, (2) molecular weight of the polymer, (3) incorporation of adjuvants, coatings and cross
linkers, and (4) particle size.
The first parameter that can affect release of biomolecules is the type of polymer used for
fabrication. For instance, microspheres fabricated from bulk eroding polymers such as PLGA
demonstrate a large burst release, followed by sustained release [127] while microspheres
fabricated from surface eroding polymers such as polyanhydrides exhibit a relatively smaller burst
release followed by sustained release [122]. In addition, the co-monomer ratios in co-polymers can
also affect the release kinetics. Increasing the ratio of a more rapidly degrading monomer will
increase the rate of release of biomolecules and vice versa [128, 129]. The second parameter that
affects biomolecule release from microspheres is the molecular weight of the polymer. Increasing
the molecular weight of the polymer for microsphere fabrication has been shown to reduce in the
rate of release of biomolecules (which can be attributed to decrease in diffusivity) [130, 131]. The
third factor affecting the release rate is the effect of additives such as excipients, coatings or crosslinkers to microspheres. For instance, addition of alginate sulfate to alginate increased the loading
efficiency and decreased the release rate of bFGF from alginate microspheres in comparison with
alginate microsphere without alginate sulfate [132]. Coating of chitosan or poly L lysine on
alginate microspheres delayed the release BSA from those particles [133]. The concentration of
cross linkers can vary the release of biomolecules from the gelatin microspheres [134]. The fourth
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parameter affecting the rate of release from microspheres is the size of delivery vehicles. The rate
of release of biomolecules might increase with decrease in particle size and thus lead to a faster
release (which can be attributed due to an increase in surface area with respect to volume) [122].
Thus, different kinds of release rates can be achieved by varying different processing parameters
from micro- and nano-particles. This makes micro – nano-particles a favorable method for
delivering biomolecules.
Incorporation of biomolecules via nano- and micro-particles and delivery of those
biomolecules for tissue engineering applications has been study of several recent reports. For
instance, BMP-2 loaded PLGA microspheres were embedded in a gelatin hydrogel and ectopically
implanted to demonstrate formation of bony structures [135]. Similarly, vascular endothelial
growth factor loaded PLGA microspheres were electrospun to produce a vascular patch that
elicited chemotaxis of endothelial cells [136]. Furthermore, biomolecule loaded micro- and nanoparticles can be used for delivery of multiple biomolecules within tissue engineering scaffolds. For
instance, two distinct biomolecules (BSA labelled with Texas-Red and epidermal growth factor
(EGF) labelled with AlexaFlour 488) were incorporated within two separate poly vinyl alcohol
(PVA) nanospheres (one PVA nanosphere contained only one type of biomolecule) and they were
electrospun to fabricate scaffolds [137]. In other studies, PLGA and silk microspheres loaded with
either BMP-2 and insulin growth factor -1 (IGF-1) were incorporated in alginate gel in spatially
graded manner and MSCs seeded on them exhibited both osteogenic and chondrogenic phenotype
[138].These observations together suggest that micro- and nano- particles provide a promising
alternative for delivering biomolecules for tissue engineered scaffolds.
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1.7

Overview of Thesis/Dissertation
Tissue engineering provides a promising alternative for treating ACL ruptures. A tissue

engineering strategy involves three components: scaffold for tissue engineering, a cell source
capable of producing tissue specific ECM and cues to direct cell fate and gene expression. Bearing
these components in mind, the long-term objective of this project is to construct MSCs seeded
electrospun meshes containing bioactive molecules for facilitating repair or regeneration of
ligament tissue. However, both immobilizing biomolecules to the surface and delivering
biomolecules from electrospun fiber meshes have some challenges. Hence, the goals of this
research project were 1) to develop a surface-grafting platform to immobilize adhesive peptides
and 2) to construct alginate microspheres to release proteins from electrospun meshes without
compromising their mechanical properties.
Chapter 2 describes the conjugation of biomolecules post electrospinning to create
bioactive fiber meshes for potential tissue engineering applications. This process involved two
steps. In the first step co-axial electrospinning was used to create a mechanically robust mesh with
a hydrophilic surface containing primary amine groups. In the second step RGD was covalently
attached to the electrospun fiber surface. The effect of RGD on adhesion, proliferation, and
morphology of BMSCs was investigated.
Chapter 3 describes the fabrication of alginate microspheres and their incorporation into
electrospun meshes. The first part of the chapter describes the fabrication of microspheres with
tunable size and biomolecule release kinetics. Specifically, FITC-BSA was incorporated in
chitosan-alginate microspheres and the effect of varying processing parameters on microsphere
size and release kinetics of FITC-BSA was investigated. The second part describes co-axial
electrospinning of PLGA core, PEO/microsphere shell fiber meshes. To accomplish this, a coaxial electrospinning set-up was designed, fabricated and tested for its ability to create core-shell
26

fibers. Finally, fiber-microsphere composite was fabricated by co-axially electrospinning chitosanalginate microspheres in sheath phase.
Finally, Chapter 4 summarizes conclusions from the present work and discusses
recommendations for future work. In particular, the future work recommends incorporation of
biomolecules such as FGF-2 and GDF-5 (using both approaches) to promote cellular functions
such as cell proliferation and cell differentiation.
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Abstract

Electrospinning of polyesters (e.g., polycaprolactone (PCL)) is an attractive approach for
fabricating meshes with mechanical properties suitable for orthopaedic tissue engineering
applications. However, the resultant fused-fiber meshes are biologically inert, necessitating surface
grafting of bioactive factors to stimulate cell adhesion. In this study, hydrophilic CS-PCL meshes
displaying primary amine groups were prepared by co-axially electrospinning fibers with a PCL
core and a chitosan/poly(ethylene oxide) shell. CS-PCL fiber meshes were mechanically robust
(Young’s modulus of 10.1 ± 1.6 MPa under aqueous conditions) with tensile properties
comparable to PCL fiber meshes. Next, the integrin adhesion peptide RGD was grafted to CS-PCL
fiber meshes. Cell culture studies using bone marrow stromal cells indicated significantly better
initial attachment and spreading on RGD-conjugated fiber meshes. Specifically, metabolic
activity, projected cell area, and cell aspect ratio were all elevated relative to cells seeded on PCL
and unmodified CS-PCL meshes. These results demonstrate a flexible two-step process for
creating bioactive electrospun fiber meshes.
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2.1

Introduction
Electrospinning is flexible approach for fabricating fused-fiber meshes that may be suitable

for the engineering of a variety of tissues, including musculoskeletal [62], skin [139], cardiac [140]
and neural [70]. Attractive aspects of electrospinning are that it produces an architecture that
mimics the structure of collagen fibers found in the native extracellular matrix (ECM) and a
topography that can guide cell alignment through the phenomenon of contact guidance. Indeed,
fiber diameters of 100 nm to 5 µm have been achieved by varying the electrospinning conditions
[60], while orientation of fibers within the resultant mesh can be controlled during electrospinning
by modifying the collector [60, 62, 141]. To date, a broad variety of synthetic (e.g.,
polycaprolactone (PCL), poly(lactic-co-glycolic acid) (PLGA), poly(ethylene oxide) (PEO) [62,
66, 67]) and natural polymers (e.g., collagen, silk, chitosan, alginate [65, 142-144]) have been
electrospun.
Growing evidence in the literature indicates that the mechanical properties of the
biomaterial support play an important role in guiding stem cell differentiation and regulating cell
phenotype, with softer scaffolds supporting neural tissues, stiff scaffolds supporting bone and
cartilage development, and intermediate moduli scaffolds supporting muscle and connective
tissues [145]. Electrospinning supports the development of meshes with controlled mechanical
properties through either the judicious selection of the biomaterial [146], or through variation of
fiber diameter [147]. Furthermore, anisotropic mechanical properties can be achieved by altering
the alignment of fibers [148]. In general, synthetic polymers (e.g., PCL, PLGA) are attractive over
natural polymers because they are easier to electrospin and result in meshes that are more
mechanically robust in aqueous environments.
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However, while well suited for tissue engineering applications, electrospun meshes
fabricated from synthetic polymers lack the specific epitopes that are recognized by mammalian
cells and confer outside-in signaling events critical for normal physiological events (e.g., adhesion,
proliferation, differentiation) [149]. Hence, a variety of strategies have been examined to display
biomolecules on electrospun meshes surfaces [150]. The simple approach of blending
biomolecules into the electrospinning solution risks their denaturation [151], as well as entrapment
of a large fraction of the potentially expensive biomolecules within the polymeric fiber.
Consequently, post-electrospinning surface modification is preferred. Physisorption (e.g., soaking
of meshes in fibronectin [60]) is easy to implement, but suffers from poor reproducibility, nonspecific binding and rapid desorption of biomolecules [152]. Further, surface tension effects can
make penetration of aqueous solutions into hydrophobic (e.g., PCL, PLGA) electrospun fiber
meshes difficult. Covalent conjugation overcomes these limitations; however, most synthetic
polymers are not amenable to bioconjugation and surface modification is required before covalent
conjugation. Ammonia plasma is commonly used to introduce amines on the surface of electrospun
meshes [111]. However, plasma treatment cannot penetrate more than couple of millimeters of
electrospun mesh depth [112] and this limits its application. Aminolysis on the other hand can
overcome this issue where the polymer structure permits, potentially creating a high density of
amines [38]. Nonetheless, aminolysis leads to decreases in mesh mechanical properties, and the
amine groups are lost rapidly (within hours to a couple of days) in aqueous environments [113].
Co-axial electrospinning provides an alternative to current surface modification
techniques. Traditional co-axial electrospinning involves embedding a water-soluble core phase
within a hydrophobic shell phase, where the shell confers mechanical stability to the mesh and
modulates dissolution of the water-soluble core phase under aqueous conditions. Consequently, it
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is an attractive means to incorporate controlled release of bioactive factors from electrospun
meshes [153]. However, co-axial electrospinning with a water-soluble shell phase that is rich in
functionalizable end-groups may enable covalent grafting of bioactive molecules to the surface of
electrospun fibers. Recently, poly (L- lactic acid) (PLLA)/chitosan core-shell meshes have been
electrospun [154, 155] and investigated for potential tissue engineering applications. This material
may be ideal for bioconjugation, provided that the shell phase does not compromise the mechanical
properties or dissolve rapidly under aqueous conditions.
Therefore, the goal of this study was to develop a process to form mechanically robust coaxial electrospun meshes that could support conjugation of bioactive molecules. Towards this end,
we co-axially electrospun meshes with chitosan/PEO shell phase and a PCL core phase. Imaging
and tensile testing were used to confirm the fiber structure and mechanical properties. Next, the
cell-adhesive peptide sequence arginine-glycine-aspartic acid (RGD) was conjugated to the fibers,
and bone marrow stromal cells (BMSCs) were cultured on the meshes. Cell metabolic activity,
morphology and cytoskeletal organization were investigated.
2.2

Materials and methods

2.2.1

Materials
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) while cell culture

reagents were purchased from Life Technologies (Carlsbad, CA) unless otherwise specified.
Fluorecein isothiocyanate (FITC) and 1,1,1-trifluoroethanol (TFE) were procured from Acros
Organics (Morris Plains, NJ). Sodium borate, ethylene glycol tetraacetic acid (EGTA), acetic acid,
dimethyl sulfoxide (DMSO) and 15 mm diameter glass coverslips were obtained from Fisher
Scientific (Pittsburgh, PA). Texas red streptavidin was acquired from Vector Labs (Burlingame,
CA) while silicone rubber (Silastic® Medical Adhesive) was acquired from Dow Corning
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(Midland, MI). Phosphate buffered saline (PBS) was obtained from Corning Cellgro (Manassas,
VA). 1-Ethyl-3-(3-dimethyl aminopropyl) carbodimmide (EDC), N-hydroxy succinimide (NHS)
and sulfo succinimidyl 4-[N-maleimidomethyl]-cyclohexane-1-carboxylate (sulfo-SMCC) were
purchased from Thermo-Fisher (Rockford, IL). 5(6) - carboxytetramethylrhodamine (rhodamine)
was bought from EMD Millipore (Billerica, MA) while arginine-glycine-aspartic acid-cysteine
(RGDC) was bought from American Peptide (Sunnyvale, CA). 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) was obtained from MP Biomedicals (Solon, OH).
2.2.2

Synthesis of FITC-chitosan
FITC-chitosan was synthesized by reacting the primary amine groups of chitosan with the

isothiocyanate group of FITC as described elsewhere [156]. Briefly, 1 g of chitosan (85%
deactylated, Mw of 190-310 kDa according to Sigma) was dispersed in 50 ml of a solution of 50
mM sodium borate, 5 mM EGTA, 0.15 M sodium chloride and 0.3 M sucrose. Next, FITC was
dissolved into the mixture to yield a final concentration of 0.32 mmol FITC per gram of chitosan.
The reaction mixture was stirred overnight in the dark and then dialyzed for 5 days against
deionized (DI) water. Water was replaced with fresh DI water every 2 days. The resultant FITCchitosan was freeze-dried and stored in dark at room temperature until use.

2.2.3

Co-axial electrospinning
Co-axial electrospinning was used to fabricate fibers containing a PCL core and a

chitosan/PEO shell. The shell phase was prepared by a slight modification of the method of Zhang
et al. [157]. Briefly, chitosan and PEO were dissolved separately at 1.5 wt% into a 3 wt% acetic
acid, 10 wt% DMSO solution in DI water. The two solutions were combined at a 70/30 (v/v)
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chitosan/PEO ratio and Tween 80 was added to a final concentration of 2 vol%. The core solution
was prepared by dissolving PCL (Mn of 70kDa according to Sigma) in TFE at 9 wt%.
A needle for coaxial electrospinning was fabricated by drilling a small hole in the wall of
a 14 gauge blunt-tipped needle (Howard Electronics Instruments, El Dorado, KS) and inserting a
bent 20 gauge blunt-tipped needle (Howard Electronics Instruments) through the hole to achieve
a tip consisting of two concentric needles. The drilled hole was sealed with silver solder. Co-axially
electrospun meshes (hereafter denoted CS-PCL) were prepared using +15 kV potential, 18 cm
throw distance, and a flow rate of 0.5 ml/h for both phases, and collected on a slowly rotating
mandrel (~20 rpm) covered with aluminum foil. Control meshes (hereafter denoted PCL) were
prepared by electrospinning 9 wt% PCL in TFE from a 20 gauge needle at +15 kV with a throw
distance of 15 cm and a flow rate of 3 ml/h. Both PCL and CS-PCL meshes were dried overnight
in fume hood to remove any residual solvent, and then stored dry until use.
2.2.4

Imaging of electrospun meshes
To visualize the core and shell phases, the PCL and chitosan solutions were doped with 5

µg/ml of FITC and 30 µg/ml Texas red-conjugated streptavidin respectively, and coaxially
electrospun as described previously. Post-electrospinning the meshes were removed from the
aluminum foil, cut and mounted on 15 mm glass coverslips with Silastic® medical adhesive
silicone (type A, Dow Corning, Midland MI). Fibers were imaged under phase contrast and
fluorescence using an Olympus IX50 inverted microscope (Opelco, Sterling, VA) equipped with
a cooled CCD camera (Model C4742-95, Hamamatsu, Bridgewater, NJ). Wide green and wide
blue filter cubes were used to detect Texas red-stained shell and FITC-stained core phases,
respectively.
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To confirm the stability of shell phase in an aqueous environment, CS-PCL meshes were
co-axially electrospun using FITC-chitosan (in place of chitosan) and collected on 15 mm diameter
coverslips. Meshes were imaged under phase contrast and fluorescence, soaked in DI water
overnight, dried and then re-imaged.
Fiber diameter was quantified from scanning electron micrographs. Briefly, electrospun
CS-PCL and PCL meshes were mounted on SEM studs, sputter-coated with gold-palladium
(Model 208 HR, Cressington Scientific Instruments, Cranberry, PA), and imaged using a
LEO1550 field emission SEM (Oxford Instruments, Oxfordshire, UK) at operating voltages of 3
and 7 kV using a secondary electron detector. The images were exported to Image J software
(National Institute of Health, Bethesda, MD) and the diameters of individual fibers were measured.
2.2.5

Mechanical testing of electrospun meshes
Tensile testing was performed to characterize the mechanical properties of PCL and CS-

PCL meshes. Briefly, PCL and CS-PCL meshes were electrospun, cut into rectangular strips of 4
cm × 0.5 cm, and soaked in DI water overnight at room temperature to ensure complete wetting of
the meshes. The samples were then submerged in PBS at room temperature and strained at 1
mm/min using pneumatically powered Tytron 250 tensile tester (MTS Systems, Eden Prairie,
MN). Force-displacement data were collected and elastic moduli were determined based on
regression of the linear portion (2-5 % strain) of the stress-strain curve.
2.2.6

Covalent conjugation to electrospun meshes
To confirm the availability of primary amines on chitosan for bioconjugation, rhodamine

was attached to electrospun CS-PCL meshes via carbodiimide chemistry. Briefly, 0.49 mg/ml dye,
1.44 mg/ml EDC and 0.17 mg/ml NHS were dissolved in solution of 0.1 M 2-(N-morpholino)
ethanesulfonic acid (MES) buffer (pH 5.5). One milliliter of this solution was added to each
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electrospun mesh placed in 24 well plate and the plates were incubated overnight at room
temperature on a shaker table. On the following day, the meshes were washed with water and
ethanol three times and imaged under phase contrast and wide-green filter. Negative controls were
prepared by incubating rhodamine with PCL meshes and by omitting EDC from the conjugation
of rhodamine to CS-PCL meshes.
RGDC was conjugated to CS-PCL meshes via the heterobifunctional crosslinker sulfoSMCC as described previously [38]. Briefly, co-axially electrospun meshes on 15 mm glass
coverslips were transferred to 24 well plates, and incubated twice with activation buffer (PBS
supplemented with 0.15 M NaCl, pH 7.2) for 30 min. The activation buffer was aspirated and the
meshes were incubated with 200 µl (4 mg/ml) sulfo-SMCC linker for 1 h at room temperature,
followed by washing twice with conjugation buffer (activation buffer supplemented with 0.1 M
ethylene diamine tetraacetic acid (EDTA), pH 7.0). Post washing, the conjugation buffer was
aspirated and the meshes were incubated with 200 µl of RGDC (125 µg/mL) overnight at 4 oC. On
the next day, meshes were washed twice each with conjugation buffer and PBS, and used
immediately. Resultant meshes were denoted CS-PCL-RGD.
For cell culture experiments, electrospun meshes (PCL, CS-PCL, and CS-PCL-RGD) were
transferred to new 24 well plates and sterilized by incubating with 70 % sterile ethanol for 30 min.
The ethanol was aspirated and the meshes were exposed under UV for another 30 min to ensure
complete sterilization. Post sterilization, the meshes were washed twice with sterile PBS followed
by sterile serum-free α-MEM.
2.2.7

Cell attachment and proliferation
BMSCs were obtained from Lewis rats in accordance with the Institute for Animal Care

and Use Committee at Virginia Tech, using a procedure described previously [158]. Cells were
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cultured in growth medium (α-MEM media containing 10 % FBS and 1 % antibiotic and
antimycotic) in a humidified 5 % CO2 37 °C incubator. Cells were passaged at 70 % confluency,
and used at passages 3 to 5 for all experiments.
BMSCs were plated onto sterile meshes at density of 2×104 cells/cm2 in serum-free αMEM and transferred to a 37 °C humidified incubator. For analysis of cell attachment, the
metabolic activity of adherent cells was measured after 2, 4, and 6 h of incubation. For analysis of
cell proliferation, serum-free α-MEM was replaced with growth medium after 12 h of attachment,
and the metabolic activities were determined on 1, 3 and 7 days post-seeding. To determine
metabolic activity, the medium was aspirated and the meshes were washed two times with sterile
PBS. The meshes were incubated with 500 µl of MTT reagent (0.5 mg/ml of MTT in phenol redfree Eagle-MEM) for 4 h at 37 °C. The MTT reagent was aspirated and 500 µl of DMSO was
added to each well and shaken for 20 min at 75 rpm. DMSO solutions from each mesh were
transferred to 96 well plates and absorbances were measured at 570 nm.
2.2.8

Cell morphology and cytoskeletal organization
Projected cell area and aspect ratio were determined by staining cells with calcein-AM.

Briefly, BMSCs were seeded on PCL, CS-PCL, and CS-PCL-RGD meshes for 6 h in serum free
media, washed twice with PBS, and incubated with fresh medium containing 15 µl of 1 mg/ml
calcein-AM at 37 °C in the dark. After 1 h, the media was aspirated and replaced with phenol-free
α-MEM. Cells were imaged under wide blue filter; images were exported to Image J and outlines
were drawn around cells. Projected areas and aspect ratios (the ratio of long and short axes of cell)
were determined for each cell. (Cells in physical contact with each other or on the edges of the
images were excluded from this analysis.)
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Cytoskeletal organization was visualized by fluorescently staining cells for F-actin.
Briefly, BMSCs were seeded onto very thin electrospun meshes (to facilitate visualization of cell
structure) and incubated for 6 h in serum-free media. Cells were then washed twice with PBS and
fixed with 4 % methanol-free formaldehyde overnight at 4 °C. Following two washes with PBS,
cells were permeabilized with 0.5 % Triton X-100 in PBS for 10 min and again washed twice with
PBS. Next, cells were incubated with rhodamine-phalloidin (1:60 dilution in PBS) for 20 min
followed by washing twice with PBS. The samples were counterstained with 1 µg/ml 4’6diamidino-2-phenylindole (DAPI) in PBS for 10 min to visualize cell nuclei. Cells were then
imaged with wide-green and near-UV filter cubes for F-actin and nuclei, respectively.
2.2.9

Statistical Analysis
Standard t-tests were performed to determine differences between experimental groups,

and a p-value of less than 0.05 was considered statistically significant. For analysis of fiber
diameter, approximately 125 PCL fibers, 125 small CS-PCL fibers, and 40 large CS-PCL fibers
were analyzed. For mechanical testing and measurements of cell adhesion and proliferation, a total
of n=4 meshes were analyzed for each condition. Finally, approximately 110 cells were analyzed
per group for determining projected cell area and aspect ratio. All the data is presented as mean ±
standard deviation.
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2.3

Results

2.3.1

Fabrication and characterization of electrospun meshes
Very thin meshes were co-axially electrospun using chitosan/PEO and Texas red-stained

streptavidin as the shell phase and FITC-labeled PCL as the core phase to permit examination of
individual fibers. Phase contrast imaging confirmed the formation of regular CS-PCL fibers

Figure 2.1: Coaxial electrospinning of PCL core, chitosan/PEO shell fibers. a) Phase contrast
image of fibers. b) Fluorescent image showing FITC-stained PCL fiber cores. c) Fluorescent
image showing Texas red-stained streptavidin in the chitosan/PEO shell phase. d) Merge of
Texas red and FITC images. Scale bar corresponds to 20 μm.
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(Figure 2.1a), that fluoresced green due to FITC incorporation in the PCL phase (Figure 2.1b). In
addition, most fibers fluoresced red due to Texas red in the chitosan/PEO shell phase (Figure 2.1c).

Figure 2.2: Stability of chitosan shell in water. Images acquired a,b) prior to and c,d) after
overnight incubation in DI water. a,c) Phase contrast images. b,d) Fluorescent images of the
FITC-chitosan shell phase. Scale bar corresponds to 20 μm. Arrows indicate a fiber that does
not fluoresce.
To confirm the stability of the chitosan/PEO shell phase under aqueous conditions, images of coaxially electrospun meshes that incorporated FITC-chitosan were imaged both pre- and postincubation in DI water (Figures 2.2a,b and Figures 2.2c,d, respectively). The absence of some
40

Submitted to “Journal of Bioactive and Compatible Polymers”

fluorescent fibers prior to incubation suggests that the shell phase is not necessarily uniform
(arrow, Figure 2.2b), while the presence of fluorescence post-incubation suggests that some
amount of the chitosan/PEO shell phase is retained under aqueous conditions (Figure 2.2d)

Fiber Diameters (µm)
Mesh

Dry

Young’s
Modulus
(MPa)- Wet

Wet

PCL

0.62 ± 0.29

-

0.68 ± 0.33

-

5.7 ± 2.2

CS-PCL

1.31 ± 0.75 #

5.93 ± 2.58 #

1.35 ± 0.68 #

5.58 ± 2.10 #

10.1 ± 1.6 #

20 µm
Table 2.1. Properties of electrospun fiber meshes. (Note that PCL core, chitosan/PEO shell
fibers exhibited a bimodal distribution of fiber diameters). # indicates statistically significant
difference relative to PCL.
SEM imaging was performed to analyze the diameters of PCL and CS-PCL meshes. PCL
meshes were comprised of 0.62 μm diameter fibers (Figure 2.3a) while CS-PCL meshes exhibited
a bimodal distribution (consistent with splaying phenomenon [159]) with both 1.3 and 5.9 μm
fibers (Figure 2.3b). Overnight immersion of the fibers in DI water did not affect the fiber
diameters (Table 2.1, Figures 2.3c,d)
Monotonic mechanical testing was performed on electrospun meshes to compare the
mechanical properties of PCL and CS-PCL fiber meshes. The CS-PCL meshes (35 μm thickness)
were stiffer than the PCL meshes (50 μm thickness) with Young’s moduli of 10.1 ± 1.6 and 5.7 ±
2.2 MPa for CS-PCL and PCL, respectively (Figure 2.3e). Importantly, this indicates that the
chitosan/PEO shell phase does not compromise the mesh mechanical properties.
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materials yielded around 15 % strain followed by long plastic deformation. The CS-PCL mesh
failed around 80 % strain while the PCL mesh could be strained beyond 250%.

Figure 2.3: Effect of immersing fiber meshes in water. SEM images of a,c) PCL meshes and b,d)
CS-PCL meshes. a,b) Images of freshly made meshes. c,d) Images after soaking overnight in
deionized water. Scale bar corresponds to 5 μm. e) Representative stress-strain curves for tensile
testing of wet meshes.
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2.3.2

Rhodamine conjugation to coaxially electrospun meshes
The presence of amines on CS-PCL meshes was confirmed by conjugation of rhodamine

via NHS/EDC chemistry to very thin meshes (Figure 2.4). A small amount of physisorption of dye

Figure 2.4: Bioconjugation of rhodamine to fiber meshes. Non-specific adsorption to a,d)
PCL and b,e) CS-PCL meshes. c,f) Covalent attachment to CS-PCL meshes. a,b,c) Phase
contrast images of fibers. d,e,f) Corresponding fluorescence images of rhodamine. Scale bar
is 10 μm.
was observed on both PCL (Figures 2.4d) and CS-PCL meshes (where the EDC was omitted from
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the bioconjugation procedure, Figures 2.4e). In contrast, a stronger fluorescent signal was detected
when EDC was included in the bioconjugation procedure, consistent with covalent attachment to
PCL-CS (Figures 2.4f).
2.3.3

BMSC attachment and proliferation
To verify that functional RGD peptides could be immobilized to CS-PCL fibers, BMSCs

Figure 2.5: Metabolic activity of BMSCs on fiber meshes. a) After 2, 4, and 6 h of incubation
on fiber surfaces in serum-free media. b) After 1, 3, and 7 days of culture on fiber surfaces in
serum-containing media. Vertical axis corresponds to absorbance values for the MTT assay.
$ and # symbols indicate statistically significant differences relative to PCL and CS-PCL,
respectively, at the same time point.
were seeded onto electrospun PCL, CS-PCL, and CS-PCL-RGD meshes in serum-free α-MEM
and the metabolic activity of adherent cells was measured after 2, 4 and 6 h of incubation.
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Metabolic activity (an indirect indicator of cell density) was higher on CS-PCL-RGD meshes than
on PCL and CS-PCL meshes (Figure 2.5a), and this difference was statistically significant at 4 h.
Metabolic activities of BMSCs on PCL and CS-PCL meshes were not statistically different.
BMSCs were allowed to attach for 12 h in serum-free medium, and then cultured in growth
medium for up to 7 days. Metabolic activity increased from Day 1 to Day 7 on all surfaces,
consistent with cell proliferation (Figure 2.5b). However, metabolic activity was significantly
higher for BMSCs on CS-PCL-RGD meshes as compared to BMSCs on PCL and CS-PCL at all
time-points.
2.3.4

Cell morphology and cytoskeletal organization
BMSCs were seeded on electrospun meshes for 6 h in serum-free media and then stained

with calcein-AM to determine cell shape and cell aspect ratio. Representative images indicate that
cells on 50 μm thick PCL meshes were primarily round (Figure 2.6a) and those on 35 μm thick
CS-PCL meshes were round with small membrane extensions (Figure 2.6b). In contrast, cells on
35 μm thick CS-PCL-RGD surfaces appeared to have larger projected areas and to be adopting
polygonal morphologies (Figure 2.6c). Quantitative analysis of images indicated that projected
areas (Figure 2.6d) and aspect ratios of BMSCs (Figure 2.6e) were significantly larger on CS-PCLRGD meshes than on CS-PCL and PCL meshes. In addition, a trend of increasing area and aspect
ratio from PCL to CS-PCL to CS-PCL-RGD was noted; however, the morphologies of cells on
PCL and CS-PCL meshes were not statistically different.
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Figure 2.6: Cell morphology on fiber meshes. Fluorescent images of calcein-AM stained cells
after 6 h on a) PCL, b) CS-PCL, and c) CS-PCL-RGD meshes. Scale bars are 50 μm. d) Projected
cell areas and e) cell aspect ratios for BMSCs on the different fiber meshes.
Cell staining for F-actin (Figure 2.7) revealed a trend similar to that observed for cell
morphology. (Here, very thin fiber meshes were used to ensure good visualization of cell
structure.) On PCL fiber meshes, cells appeared to be round and F-actin was uniformly distributed
(Figures 2.7a,d). On CS-PCL fibers meshes, punctate spots of F-actin suggested initial cell
spreading (Figures 2.7b,e). Finally, on CS-PCL-RGD fiber meshes, cells appeared to be polygonal
and the F-actin signal appeared to be stronger and organized along the cell edges (Figures 2.7c,f).
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Figure 2.7: Cell morphology after 6 h incubation on different meshes. Phase contrast images of
cells on a) PCL, b) CS-PCL and c) CS-PCL-RGD. Corresponding fluorescence images of cells on
d) PCL e) CS-PCL and f) CS-PCL-RGD. F-actin appears in red, cell nuclei appear blue. Scale
bars are 25 μm.
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2.4

Discussion
In this study, CS-PCL fiber meshes were prepared by co-axial electrospinning. Here, the

PCL core ensured robust mechanical properties (~10 MPa), while the chitosan shell presented
primary amine groups for subsequent bioconjugation. Fluorescence microscopy indicated the
presence of both core and shell phases, at least partial stability of chitosan shell phase under
aqueous conditions, and bioconjugation of rhodamine using NHS/EDC. Next, RGD was
conjugated to CS-PCL fibers using sulfo-SMCC, and cell culture studies confirmed faster cell
attachment and spreading, and suggested higher cell densities on RGD-conjugated meshes.
PCL was chosen as the model biomaterial in this study because it is degradable,
biocompatible, and has attractive mechanical properties for the engineering of orthopaedic tissues.
However, it is biologically inert, necessitating subsequent surface modification to facilitate cell
adhesion, proliferation, and differentiation into functional tissues. Further, PCL is hydrophobic
which complicates uniform surface modification by means of immersion in aqueous solutions
(e.g., NaOH [160], 1,6-hexanediamine [161], simulated body fluid [162], fibronectin [60]).
Therefore, the first goal of this study was to fabricate PCL fiber meshes with hydrophilic surfaces
amenable to bioconjugation. To this end, co-axial electrospinning was selected over plasma
treatment because it is a one-step process and it is suitable for fabricating electrospun meshes with
spatial gradients of surface chemistry [163, 164].
Traditionally, co-axial electrospinning has been used to create fibers with a hydrophilic
core and a hydrophobic shell phase for delivery of water-soluble biomolecules [153], but a few
researchers have placed the hydrophilic phase on the shell side. For example, Li et al. [155]
electrospun PLLA core/chitosan shell fiber meshes and demonstrated that the chitosan surface
improved proliferation of adherent fibroblasts. In addition, Nyugen et al. [165] showed that PLLA
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core/chitosan shell fiber meshes possess better anti-microbial properties. Further, Wang et al. [154]
demonstrated that immersion of PLLA core/chitosan shell fiber meshes in a heparin solution
conferred anti-thrombogenic properties. However, to the best of our knowledge co-axial fiber
meshes have not been used for bioconjugation. Therefore, the second goal of this study was to
determine whether the primary amine groups of chitosan could be bioconjugated.
Bioconjugation of CS-PCL fiber meshes was confirmed in two ways. First, it was directly
demonstrated by rhodamine conjugation of CS-PCL fibers (Figure 2.4f), where omission of the
EDC linking agent resulted in poor fluorescence (Figure 2.4e). Second, it was determined
indirectly through measurements of increased metabolic activity (Figures 2.5) and projected area
of BMSCs (Figure 2.6), as well as more pronounced F-actin staining (Figure 2.7) on CS-PCLRGD meshes compared to CS-PCL meshes. Importantly, these latter results are consistent with
observations by Zhang et al. [38] who seeded BMSCs on RGD-conjugated aminolyzed PCL films.
Specifically, Zhang et al. reported increased metabolic activity, increased projected cell area, more
pronounced F-actin staining and more focal adhesion kinase activity with RGD conjugation.
Although the results demonstrate that bioconjugation of RGD to co-axially electrospun CSPCL fibers promote cell attachment and spreading, the process is presently limited by the low flow
rate used in the fabrication process (0.5 ml/h for both core and shell phases). Indeed, this rate
required electrospinning for 5 h to achieve 35 μm thick meshes. Previous researchers who have
co-axially electrospun fibers with chitosan on the shell side, have also reported flow rates (e.g.,
0.25 - 0.6 ml/h [165, 166]) suggesting that this is a common limitation. However, this may be
alleviated by changing the solvent. For example, Wang et al. [154] dissolved chitosan/PEO in
formic acid and electrospun it on the shell side of a poly(lactic acid) (PLA) core at 5 ml/h.
Similarly, Li et al. [155] dissolved sodium dodecyl sulfate (SDS) conjugated chitosan in solvent
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containing mixture of dichloromethane (DCM) and DMSO and electrospun that chitosan on shell
side of PLA core at flow rate of 4 ml/h.
Together, the results of this study demonstrate a two-step process for forming bioactive
fiber meshes for potential tissue engineering applications. The first step involves coaxial
electrospinning to achieve a mechanically robust mesh with a hydrophilic surface displaying
primary amine groups, and the second step involves bioconjugation of peptides to those primary
amines. This approach has flexibility in that alternate integrin-specific adhesive peptides (e.g.,
IKVAV, YIGSR) can be immobilized to the surface. Further, growth and differentiation factors,
such as bone morphogenetic protein-2 [39], may be bioconjugated to stimulate proliferation and
differentiation of adherent cells. Finally, this approach may permit the generation of spatial
bioactivity gradient for the engineering of tissue interfaces and transitions [167]. Specifically,
Samavedi et al. [163, 164] showed that meshes containing spatial gradients of surface chemistry
could be achieved by electrospinning two different solutions from off-set spinnerets. Therefore,
it should be possible to apply that approach to construct meshes that transition from CS-PCL to
PCL and which can be subsequently bioconjugated to yield spatial gradients of bioactivity.
2.5

Conclusions
This study demonstrates a two-step process to produce bioactive electrospun meshes with

robust mechanical properties. First, co-axial electrospinning was used to create PCL core,
chitosan/PEO shell fibers with a Young’s modulus of 10.1 MPa under aqueous conditions. This
approach produced hydrophilic amine-rich surfaces without ammonia plasma or aminolysis
treatments. Second, RGD cell-adhesive peptides – grafted to the hydrophilic fibers using sulfoSMCC chemistry – stimulated initial attachment and spreading of BMSCs. This approach may
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have broad application through judicious selection of the core polymer and grafted bioactive
group. Future efforts will involve applying this approach to form spatial gradients of bioactivity.
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Chapter 3
Co-axial electrospinning chitosan-alginate microspheres to deliver
biomolecules in electrospun meshes

Abstract
Electrospun meshes fabricated from synthetic polymers are widely used for tissue
engineering applications. However, these meshes lack cues provided by natural ECM which
promote cellular functions such as proliferation, migration, spreading and differentiation. Hence,
a variety of strategies have been developed to incorporate biomolecules within electrospun meshes.
This study describes a novel method to deliver biomolecules within electrospun meshes using a
two-step approach. In the first-step, a fluorescent biomolecules (fluorescein isothiocyanatelabeled bovine serum albumin, FITC-BSA) was incorporated with chitosan coated (CS-AL) or
poly L lysine coated (PLL-AL) alginate microspheres. The size of microspheres as well as release
kinetics of FITC-BSA was changed by varying microsphere fabrication parameters such as cation
: alginate ratio (CAR), concentration of CaCl2 and type of alginate. For the second step, a co-axial
electrospinning set-up was designed, fabricated and tested to incorporate biomolecules loaded
microspheres within core-shell electrospun meshes. The core-shell meshes were characterized
using contact angle and attenuated total reflection (ATR) – Fourier transform infrared (FTIR)
spectroscopy. Finally, the microspheres were dispersed in poly ethylene oxide (PEO) solution and
co-axially electrospun on the shell side of poly lactic co glycolic acid (PLGA) fibers to create
fiber-microsphere composite. In principle, the fiber-microsphere composite fabricated by this
method could potentially be used to deliver multiple biomolecules.
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3.1

Introduction
Electrospinning is widely used technique for fabricating fused-fibrous meshes for various

tissue engineering applications such as musculoskeletal [163], cardiac [168], skin [169] and neural
[70]. In electrospinning, a polymer solution (dissolved in a high vapor pressure solvents) is
subjected to a high electric potential, which causes the polymer solution to be ejected as a charged
jet [170]. The jet undergoes bending instabilities and is collected in the form of fibers [170].
Electrospun fibers provide topographical cues that can guide cell morphology and alignment via
the contact guidance phenomena [60]. The fiber diameters of electrospun meshes can be tuned by
varying processing parameters [171] such as polymer choice, polymer concentration, throw
distance and electric potential while the fibers can be oriented by collecting them on rotating
mandrel [60], in the gap between two collectors [62] or by stretching the mesh post electrospinning
[141]. To date, a broad variety of synthetic (e.g., PLGA, polycaprolactone (PCL), PEO [62, 66,
67]) and natural (e.g. collagen, silk, alginate [63-65]) materials have been electrospun. Although,
natural polymers possess bioactive peptides that promote cellular functions such as adhesion and
proliferation [172], they are difficult to electrospin, often possess weak mechanical properties
under hydrated conditions and degrade rapidly in vivo [173]. Furthermore, the native structure and
biological properties of the natural polymers can be lost when electrospun from organic solvents
[174]. On the other hand, synthetic materials provide great flexibility in synthesis, ease in
processing, and possess good mechanical properties and are stable in vivo [172]. Hence, synthetic
materials are preferred over natural materials for electrospinning.
However, electrospun meshes made from synthetic polymers, lack the specific biochemical
cues intrinsic to extra-cellular matrix (ECM) proteins which influence cell functions such as
proliferation and differentiation. Therefore, a variety of strategies such as blend electrospinning,
physisorption and co-axial electrospinning have been developed to incorporate releasable
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biomolecules into electrospun meshes. Blend electrospinning (direct incorporation of
biomolecules in electrospinning solution) is unattractive because it leads to denaturation of
biomolecules and also compromises the mechanical properties of the meshes [121]. Physisorption
(e.g., soaking electrospun mesh in fibronectin [60]) is easy to implement, but suffers from poor
reproducibility, non-specific binding and rapid desorption of the biomolecules [109]. Co-axial
electrospinning (electrospinning biomolecules within a hydrophilic core of a core-shell fiber) leads
to controlled release of those biomolecules from the electrospun meshes. However, the
incorporation within the core leads to decreased mechanical properties of those electrospun meshes
[121].
Therefore, a new platform is needed to deliver biomolecules from electrospun meshes without
compromising the mechanical properties of the mesh. Recently, microspheres containing
biomolecules have been electrospun to incorporate those biomolecules within meshes [125]. This
platform may be ideal for delivering biomolecules in electrospun meshes. In this study (Figure
3.1), a co-axial electrospinning based system was utilized to create a fibrous mesh containing
microspheres (henceforth denoted as fiber-microsphere composite). Specifically, coated (chitosan
or poly L lysine (PLL) – to decrease the release rate of biomolecules from alginate gel [175])
alginate microspheres were mixed with a hydrophilic polymer and then co-axially electrospun on
the shell side. A hydrophobic polymer was electrospun on the core side (which dictated the
mechanical properties of the mesh). The resultant electrospun mesh was incubated in water to
selectively extract the hydrophilic phase, and obtain an electrospun mesh containing microspheres
on the surface.
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Figure 3.1: Schematic representation for fabricating fiber-microsphere composite. A) Co-axial
electrospinning of microspheres (blue) in sheath phase (green) on the core phase (red) B) The
electrospun mesh containing core-shell fibers with microspheres being embedded in the sheath
phase. C) Electrospun mesh containing microspheres on the surface of core phase after
removal of sheath phase using solvent extraction (fiber-mesh composite).
The goal of this project was to create electrospun meshes containing biomolecule-loaded
microspheres. Towards this end, FITC-BSA containing chitosan/PLL-alginate microspheres were
fabricated. Dynamic light scattering (DLS) was used to analyze the microsphere size. The effect
of changing fabrication parameters such as CAR, types of alginate (G-content, acetylated and
molecular weight), calcium chloride concentration and choice of cation on the loading and release
of FITC-BSA from microspheres was investigated by fluorescence spectroscopy. An apparatus for
co-axial electrospinning fibers was designed, fabricated and tested. (PEO was used as shell
material, while PLGA was used as core material.). Optical microscopy, contact angle and ATRFTIR spectroscopy were used to characterize the co-axially electrospun meshes. Finally, chitosanalginate (CS-AL) microspheres were mixed with PEO solution and co-axially electrospun on the
shell side of PLGA. The meshes were soaked in water to extract PEO solution to create fibermicrosphere composite.
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3.2

Materials and methods

3.2.1

Materials:
Alginates of different inherent viscosities – 30 Cp (henceforth denoted as L-alginate), 200

Cp (henceforth denoted as M-alginate) and 2000 Cp (henceforth denoted as H-alginate) – were
acquired from Sigma-Aldrich (St. Louis, MO). Alginates containing different mannuronate (M)
and guluronate (G) contents – Type I (Mn- 180 KDa, Mw- 251 KDa, Fg = 0.3, Fm = 0.67,
henceforth denoted as A-alginate) and Type II (Mn – 71 KDa, Mw – 123 KDa, Fg = 0.62, Fm =
0.38, henceforth denoted D-alginate) – were purchased from FMC Biopolymer (Philadelphia, PA).
Acetylated A-alginate (henceforth denoted as AA-alginate) and acetylated D-alginate (henceforth
denoted as DA-alginate) were obtained from Dr. Edgar’s lab (These alginates were prepared by
acetylating ( ̴ 10%) A and D types of alginates). CaCl2, acetic acid, ethylene glycol tetraacetic acid
(EGTA) and sodium borate were obtained from Fisher Scientific (Pittsburgh, PA). Phosphate
buffered saline (PBS) was bought from Corning Cellgro (Manassas, VA). Poly (lactic-co-glycolic
acid) (PLGA) was procured from Durect Corporation (Birmingham, AL). 2,2,2 trifluoroethanol
(TFE) and fluorescein isothiocyanate (FITC) were purchased from Acros Organics (Morris Plains,
NJ). Texas red-labelled streptavidin was acquired from Vector Labs (Burlingame, CA).
3.2.2

Synthesis of FITC-chitosan
FITC was tethered to the primary amine groups of chitosan (henceforth denoted as FITC-

chitosan) to assist the imaging process. FITC-chitosan was synthesized by reacting the primary
amine groups of chitosan (84% deacetylated by NMR, 190 to 310 KDa according to Sigma) with
the isothiocyanate group of FITC as described elsewhere [156]. Briefly, 1 g of chitosan was
dispersed in 50 ml borate buffer (50 mM sodium borate containing 5 mM EGTA, 0.15 M sodium
chloride and 0.3 M sucrose). Next, FITC was dissolved in the mixture to yield a final concentration
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of 0.32 mmol FITC per gram of chitosan. The reaction mixture was stirred in the dark and then
dialyzed for 5 days against deionized (DI) water. Water was replaced with DI water every 2 days.
The resultant FITC-chitosan was freeze-dried and stored at room temperature until use. Assuming
reaction conversion similar to [156], there was ̴ 8 moles dye per mole of chitosan.
3.2.3

Fabrication of microspheres
Chitosan-alginate (henceforth denoted as CS-AL) microspheres were synthesized via ionic

gelation (Figure 3.2) [176]. Briefly, 2 ml of a 6 mM CaCl2 (pH = 6.5) solution was added dropwise to 10 ml of a 0.6 mg/ml alginate solution (pH = 6.5) while it was being stirred (around 500
rpm). The mixture was then sonicated (45 s using a probe-tip sonicator operated at power setting

Figure 3.2: Schematic representation of CS/PLL-AL microspheres. The protein and alginate
are mixed and then CaCl2 is added drop-wise to the alginate-protein solution. The mixture is
then sonicated to form Ca-alginate pre-gel to which cation is added drop-wise to form
microspheres.
of 6) to form a calcium-alginate pre-gel. The pre-gel was stirred for 30 min followed by drop-wise
addition of 2 ml chitosan (0.3 mg/ml in 3% acetic acid, pH = 2.5). The mixture of pre-gel and
chitosan (pH = 3.5) was stirred for 30 min. The resultant suspension was equilibrated overnight to
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form stable microspheres. Poly (L-lysine) (PLL)-alginate (henceforth denoted as PLL-AL)
microspheres were synthesized by using 2 ml of 0.3 mg/ml PLL in place of the chitosan. All the
fabrication steps were performed at room temperature ( ̴ 25°C).
The hydrodynamic radii of both CS-AL and PLL-AL microspheres were determined using
DLS. Briefly, microsphere suspension was syringe filtered using a 5 µm filter, sonicated and
transferred to a cuvette. The cuvette was immediately transferred to a Zetasizer Nano S (Malvern
Instruments, Southborough, MA) and the intensity average diameter were measured. Although,
multiple peaks were visible in DLS spectrogram, only the peaks with intensity greater than 75%
were reported as diameter. The average of 3 samples was reported as microsphere diameter.
3.2.4 Effect of processing parameters on microsphere size, loading and release of FITC-BSA
The effects of 1) CAR, 2) alginate type and 3) concentration of CaCl2 on microsphere size
were investigated by varying one parameter and keeping the other two constant. First, CAR (the
ratio of the cation (chitosan or PLL) to alginate) was varied from 0.05:1 to 0.8:1 while using Halginate and 6 mM CaCl2 for all the groups. Next, two sets of experiments were performed using
different alginates. In the first set of experiment, microspheres were prepared by using three
different kinds of alginate – L-alginate, M-alginate and H-alginate – at a constant CAR of 0.1:1
and a CaCl2 concentration of 6 mM. In the second set of experiments, microspheres were prepared
from chemically modified alginates – A, D, AA and DA type alginates – at CAR of 0.1:1 and a
CaCl2 concentration of 12 mM. Finally, the concentration of CaCl2 was varied from 3 mM to 48
mM while using a CAR of 0.1:1 and H-alginate.
The efficiency of protein loading into microspheres was determined indirectly by
fluorescence measurement for FITC-BSA ( ̴ 5 moles of dye per mole of protein, according to Life
Technologies, Inc). Briefly, the samples from alginate-BSA mixture (henceforth denoted as feed
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solution) and supernant collected after centrifugation of microspheres were neutralized (pH 7) by
adding few drops of 0.1 M NaOH solution. (The fluorescence of FITC is sensitive to pH, hence
all solutions used for this study were neutralized.) The samples were transferred to 96 wells plates
and the fluorescence was measured using a spectrophotometer operated at λabs = 485 nm and λem
= 520 nm. The difference in the fluorescence between the feed and supernatant solutions was used
to determine the loading efficiency (percentage of FITC-BSA that was incorporated into
microspheres).
To investigate the release kinetics of FITC-BSA, freshly prepared microspheres were
incubated in 1 ml of PBS at 37 °C on a shaker table. At assigned time points, microspheres were
centrifuged at 12,900 × g for 5 minutes and the supernatant was extracted and frozen at -20 °C
until analysis. The microspheres were then dispersed in 1 ml of fresh PBS, incubated until the next
time point, and the procedure was repeated. The amount of FITC-BSA was measured by measuring
fluorescence as described previously.
3.2.5

Co-axial electrospinning
A co-axial electrospinning process was developed to fabricate fiber-microsphere

composite meshes that could display microspheres (Figure 3.1). The needle for co-axial
electrospinning was fabricated by drilling a small hole in the wall of a 14 gauge blunt-tipped needle
(Howard Electronics Instruments Inc, El Dorado, KS) and inserting a bent 20 gauge blunt-tipped
needle (Howard Electronics Instruments Inc, El Dorado, KS) through the hole to achieve a tip
consisting of two a needle within another needle. The drilled hole was then sealed with silver
solder. Co-axial fibers consisting of a PLGA core and a PEO sheath were electrospun using a core
solution of 16% (w/w) PLGA in TFE and a sheath solution of 4% (w/v) PEO in α-modified Eagle’s
medium (α-MEM). Co-axial electrospinning was performed using a + 15 kV potential, a 17 cm
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throw distance, and a flow rate of 0.5 ml/h for both phases, and the resultant meshes were collected
on 18 mm diameter glass coverslips affixed to a slowly rotating (~ 20 rpm) mandrel.
To visualize sheath and core phases, the PEO sheath solution was doped with 30 µg/mL
Texas red-labeled streptavidin while the PLGA core solution was doped with 5 µg/mL FITC. After
co-axial electrospinning, fibers were imaged under phase contrast and fluorescence using an
Olympus IX50 inverted microscope (Opelco, Sterling, VA) equipped with a cooled CCD camera
(Model C4742-95, Hamamatsu, Bridgewater, NJ). Wide-green and wide-blue filter cubes were
used to detect Texas red-stained sheath and FITC-stained core phases, respectively.
3.2.6

Characterization of electrospun meshes
Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) was

performed to verify the presence of the PLGA core and PEO sheath phases of co-axially
electrospun meshes. (For these measurements the sheath and core phases were not doped with any
fluorescent compounds.) Post characterization, co-axially electrospun meshes were incubated in
PBS overnight to extract PEO, dried and then characterized again. The meshes were analyzed
using a Varian 670 IR (Agilent Technologies, Santa Clara, CA) with a scanning range from 4000
to 750 cm-1 with a resolution of 1 cm-1. A total of 256 scans were performed per sample. After
analysis of each sample, the crystal surface was wiped with acetone to remove any residual
samples, followed by wiping with dry tissue paper to remove any residual acetone. ATR and
baseline corrections (Resolutions Pro software, Agilent Technologies, Santa Clara, CA) were
performed on the raw data.
Sessile contact angle was performed to determine the presence of the hydrophilic PEO
sheath phase on co-axially electrospun meshes. Briefly, a 5 µL droplet of DI water was added on
top of electrospun mesh and the droplet was allowed to spread. Images were captured using video
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camera attached to the contact angle goniometer (FTA125, First Ten Angstroms, Portsmouth, VA)
and the contact angle was measured using image analysis software (FTA 32). The contact angle
for one sample was measured by taking average of three contact angles measured at different
locations on each sample. Contact angles of meshes represent the average of n=3 samples. Glass
coverslips, electrospun PLGA and electrospun PEO were used as negative controls.
3.2.7

Co-axial electrospinning of chitosan-alginate microspheres
The fiber-microsphere composite meshes were fabricated by dispersing CS-AL

microspheres at 12 mg/ml into a 4% (w/v) PEO and 2% (v/v) Tween 80 solution in α-MEM and
mixed for 2 h. The fibers were then co-axially electrospun as described previously. In order to
facilitate the imaging of microspheres within electrospun meshes, CS-AL microspheres were
synthesized with FITC- chitosan (henceforth denoted as FITC-CS-AL microspheres). The meshes
were imaged under phase contrast and wide-blue filter.
3.3

Results and Discussion

3.3.1

Effect of processing parameters on microspheres size

CS-AL and PLL-AL microspheres were fabricated by varying one processing parameters while
keeping the other two parameters constant. The first set of studies involved synthesizing
microspheres with different values of CAR and using 6 mM CaCl2 and H-alginate. The result
indicated a minimum size for both the microspheres at an intermediate CAR (Figure 3.3 a). This
observation is consistent with previous reports [176, 177] and the minimum size may be result of
functional groups being in stoichiometric proportions [177]. The larger size of CS-AL
microspheres compared to PLL-AL microspheres may be attributed to higher molecular weight of
chitosan (190-310 kDa) than PLL (1-5 kDa).
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(A)

(B)

(D)

(C)

Figure 3.3: Effect of various processing parameters on size of CS-AL and PLL-AL. A) Effect
of varying CAR from 0.05:1 to 0.8:1 for microspheres synthesized with 6 mM CaCl2
concentration and with H-alginate. B) Effect of varying moles of amines to moles of
carboxylated acid on microspheres sizes at 6 mM CaCl2 concentration and with H-alginate C)
Effect of using L-alginate, M-alginate and H-alginate on microsphere size synthesized at 6 mM
CalCl2 and CAR of 0.1:1 D) Effect of varying CaCl2 concentration form 3mM to 48 mM on
micropshere sizs for microspheres synthesized with H-alginate and CAR of 0.1:1.
The second set of studies involved using different molecular weight alginate to synthesize
microspheres at CAR of 0.1:1 and using 6 mM CaCl2. As the molecular of alginate was
systematically increased, both the inherent viscosity of alginate solution and the size of the
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resultant microspheres increased for both CS-AL or PLL-AL (Figure 3.3 b). This finding is
consistent with Douglas et al [177], who observed that increasing the molecular weight of either
chitosan or alginate led to an increase in the particle size. This trend may be attributed to the
increased core size due to longer alginate chains as a result of increased alginate molecular weight.
The third set of studies involved varying the concentration of CaCl2 to test its affect on size
of microspheres. The size of CS-AL microsphere decreased with increase in CaCl2 concentration
(although, this trend does not seem to agree with the microspheres prepared using 3 mM CaCl2)
(Figure 3.3 c) which may be attributed to higher expulsion of water due to higher amount of
stiffning of the gel. The decrease in the size of the alginate gel due to an increase in concentration
of CaCl2 has been observed by [178], although they just had two different concentration of CaCl2,
their microspheres never incorporated chitosan or PLL and the size of their alginate gel was
different than the size of the gels in present study. On the other hand, PLL-AL microspheres
exhibited a different trend, wherein the microsphere size increased with increase in concentration
of CaCl2 (Figure 3.3c).
3.3.2

Loading and Release of FITC-BSA from microspheres
The loading efficiency of FITC-BSA within CS-AL and PLL-AL microspheres was

determined indirectly by measuring the difference in FITC-BSA content of the feed and
supernatant solutions. Although, FITC-BSA was incorporated within PLL-AL microspheres, the
loading efficiency was low ( ̴10%) (Figure 3.4). On the other hand, approximately 72 % of FITCBSA was incorporated within CS-AL microspheres. Previous reports have demonstrated similar
loading efficiencies for CS-AL and PLL-AL microspheres [179]. These indicate a discrepancy
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between present study and previous studies. However, due to lower loading efficiency of PLL-AL
microspheres, the subsequent experiments were performed only with CS-AL microspheres.

Figure 3.4: % Loading efficiencies of FITC-BSA within CS-AL and PLL-AL microspheres .
Both microspheres were fabricated using H-alginate, 48 mM CaCl2 and CAR of 0.1:1.
The loading and release of FITC-BSA in CS-AL microspheres was investigated by
systematically varying processing parameters. In the first set of experiments, the effect of varying
chitosan concentration from 0 to 1.5 mg/ml (corresponding to values of CAR of 0:1 to 0.5:1) was
investigated on loading and release of FITC-BSA from CS-AL microspheres. (The microspheres
were prepared using H-alginate and 48 mM CaCl2.) The encapsulation efficiency was 56-72% with
a maximum efficiency observed at 0.3 mg/ml CS (Figure 3.5 a). This finding is similar to finding
by Hari et al. [180] – who also synthesized CS-AL microspheres containing BSA – who reported
an increasing loading efficiency with an increase in chitosan concentration. Although their
processing conditions and their resultant microspheres size (500 µm) were different as compared
to conditions and sizes from present study. The subsequent experiments involved investigating
effects of varying chitosan concentration on release of BSA from CS-AL microspheres. Burst
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release was observed over the period of first 2 days (Figure 3.5 b). Most of the FITC-BSA

(B)

(A)

Figure 3.5: Effect of chitosan concentration on loading and release of FITC-BSA from CS-AL
microspheres. CS-AL microspheres were prepared using H- alginate and 48 mM CaCl2. A)
Encapsulation efficiency of FITC-BSA for each type of microspheres. B) Release kinetics until
4 days. The dashed line represents % theoretical encapsulation for each type of microspheres.
The number in brackets represent ratio of moles of amines to moles of carboxylic acid groups.
incorporated within the sample containig 0 mg/ml chitosan was released within 4 days. This
finding is similar to a finding by Lemoine et al. [133] who incorporated BSA in alginate
microspheres (without chitosan) and reported 96% release in 3 days, although their microspheres
were prepared using different processing parameters and their microspheres were significantly
larger (71 µm) than the ones used in present study. Therefore, chitosan was used as coating to
decrease the release rate of FITC-BSA from alginate microspheres. For samples containing
chitosan, the amount of FITC-BSA released decreased with an increase in chitosan concentration.
Similarly, Lemoine et al.[133], who used PLL instead of chitosan, observed that as the
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concentration of the cation (PLL) increased the release rate of BSA from PLL-AL beads decreased.
This trend can be attributed to reduced porosity of alginate beads as a result of their complexation
with chitosan [181].
In the second set of release studies, the effect of varying G-content and acetylation of
alginate on loading and release of FITC-BSA from CS-AL microspheres was investigated.

B)

A)

Figure 3.6: Effect of different types of alginate on loading and release of CS-AL microspheres.
CS-AL microspheres were synthesized with 12 mM CaCl2 and CAR ratio of 0.1:1. A)
Encapsulation efficiency for each type of microspheres. B) Cumulative release of FITC-BSA
until 4 days. The dashed line represents % theoretical encapsulation for each type of
microspheres.
Measurements of encapsulation efficiency suggested higher FITC-BSA incorporation for alginates
with higher G content (D-types alginate, G-block cross links alginate) compared to their
counterparts, and the highest encapsulation efficiency of 72% observed for DA alginate (Figure
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3.6 a). It appears that acetylation of alginate did not affect the encapsulation efficiency. The
subsequent experiments examined the effects of varying alginate G-content and acetylation on the
release of FITC-BSA from the CS-AL microspheres. A burst release was observed between day 1
and day 2 for all microspheres (Figure 3.6 b). The D-type alginate (alginates with higher G content)
released more FITC-BSA than their A-type alginate. However, there was no difference between
release rate of DA and AA type alginate. The acetylation of alginate slowed down the release of
FITC-BSA from the microspheres. Most of the previous studies [182, 183] have shown that the
alginates with lower G content release protein at a faster rate compared to the alginates with higher
G content, but in all those studies the molecular weight of the both the types of alginates were
similar. The results of the present study and previous reports could be in disagreement because of
either lower molecular weight of the D-alginate (Mw = 123 KDa) compared to A-alginate (251
KDa) used in the present study (Figure 3.6a).
In the third set of studies, the effect of varying concentration of CaCl2 on loading and
release of FITC-BSA from CS-AL microspheres was investigated. FITC-BSA loading increased
systematically with increasing CaCl2 concentration (Figure 3.7 a). The subsequent experiments
examined the effect of varying concentration of CaCl2 on release of FITC-BSA was examined. A
burst release was observed for all samples (except for 3 mM) (Figure 3.7 b). Following the burst
release, a sustained release was observed for all the samples until 21 days. As the concentration of
CaCl2 increased, the amount of FITC-BSA released also increased. This trend could have arisen
because of the following reason. The increase in loading amount with increase in concentration of
CaCl2 (Figure 3.7a), could have led to higher amount of FITC-BSA release.
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Figure 3.7: Effect of varying CaCl2 concentration on loading and release of FITC-BSA from
CS-AL microspheres. CS-AL microspheres were synthesized with H-alginate and CAR of 0.1:1.
A) Encapsulation efficiency of FITC-BSA for each type of microspheres. B) Release kinetics
until 21 days. The dashed line represents % theoretical encapsulation for each type of
microspheres.
In certain cases, the FITC-BSA was almost completely released (microspheres prepared
with 0 mg/ml chitosan and 3 mM CaCl2) while in other cases not all FITC-BSA released and the
release curve plateaued without any more release (microspheres prepared with 24 mM CaCl2 and
1.5 mg/ml chitosan). These observations might be due to formation of non-degradable precipitates
along with the microspheres. The non-degradable precipitate may be the result of cation linking
directly with free floating alginate instead of linking to alginate pre-gel (Figure 3.8). This precipate
might delay release of proteins incorporated within them. Therefore, future studies should be
aimed to minimize the formation of non-degradable precipitates. A potential strategy could be to
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use chitosans with a lower degree of deacetylation (DS). (Lower DS will have fewer amines on

Figure 3.8: Schematic representation of formation of non degredable precipates along with
microspheres. The additon of cation to alginate pre-gel solution as shown in A) is similar to
addition of cation to two different solutions – aqueous solution of pre-gel B) and aqueous
solution of alginate D). While the addition of cation to solution B) will give rise to microspheres
C), addition of cation to solution D) will give rise to non-degredable precipate E). These two
processes give rise to solution containing mixture of microspheres and non-degredable
precipitate as shown in Figure 3.2.

the chitosan.) This could lead to a decrease in the interaction between chitosan and alginate and
the quantity of non-degradable precipates. However, this could also decrease the interaction
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between chitosan and alginate pre-gel and might lead to a larger burst release. Another strategy to
reduce the non-degredable precipitate is to decrease the CAR by decreasing the amount of
chitosan. However, it might lead to decrease in encapsulation efficiency and higher burst release
(Figure 3.5). Hence, future experiments could be aimed at finding the optimum chitosan
deacetylation percentage or CAR that could lead to decrease in non-degradable precipates without
significantly increasing the burst release.
3.3.3

Co-axial Electrospinning

To incorporate protein-eluting microspheres into electrospun fiber scaffolds a co-axial
B)
electrospinning process was developed to form fibers with a PLGA core and a microsphere-loaded
PEO sheath phase (Figure 3.1). Therefore, the first step was to demonstrate that PLGA core PEO
sheath fibers could be electrospun (Figure 3.9). The phase contrast image of electrospun fibers
(Figure 3.9a) fluoresced under illumination in the green, consistent with the presence of Texas redstained PEO phase (Figure 3.9b), and fluoresced under blue illumination, consistent with a FITClabeled PLGA phase (Figure 3.9c). The merge of both fluorescent images show the fibers that were
co-axially electrospun (Figure 3.9d). However, the images do not confirm the presence of PLGA
D)
C)
and PEO and whether the PEO was on the shell or core side. To answer these questions, contact
angle and ATR-FTIR spectroscopy were performed on the electrospun meshes.
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A)

10 µm

C)

B)

D)

Figure 3.9: Co-axially electrospun mesh. A) Phase contrast. B) Fluorescent image of A under
wide-green filter depicting presene of texas red streptavidin in PEO phase C) Fluorescent
image of A under wide-blue filter depicting presence of FITC in PLGA phase. D) Merge of B
and C depicting co-axially electrospun fiber.

3.3.4

Characterization of electrospun meshes
ATR-FTIR spectroscopy was performed to compare co-axially electrospun meshes to

electrospun PEO and PLGA meshes. Electrospun PEO meshes were characterized by absorption
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peaks of ether (C-O-C), C-H and –OH at 1182 cm-1, 2970 cm-1 and 3400 cm-1 respectively (Figure
3.10a). Schmidt et al. [184] observed the same peaks and attributed the presence of the –OH peak
to water absorption by PEO because of its hygroscopic nature. Electrospun PLGA meshes had
strong absorption peaks at 1752 cm-1 and 1182 cm-1 corresponding to carbonyl (C=O) and ether

Figure 3.10: FTIR-ATR spectra of different electrospun meshes. A) PEO B) PLGA C) Co-axial
mesh. The magenta curve represents FTIR spectra before washing (PEO sheath and PLGA
core phase) while the green curve is the FTIR spectra of the same mesh after washing and
drying (mostly PLGA).
(C-O-C) groups, respectively (Figure 3.10b). This observation is similar to findings by Li et al.
[185], who also reported carbonyl and ether peaks. However, Li et al also reported two more peaks
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at 1452 cm-1 and 1130 cm-1 which corresponded to C-O bond and C-H (methyl groups),
respectively.
The co-axially electrospun scaffolds were characterized by all the peaks which were
present in both PEO and PLGA (Figure 3.10c, magenta trace). However, after overnight incubation
of the mesh in PBS the relative intensities of the peaks corresponding to PEO dropped significantly
(Figure 3.10c, green trace). In addition, the resultant trace was comparable to that for PLGA fibers.
This indicates that both PEO and PLGA phases are present in the co-axially electrospun fibers,
and suggest that PEO is on the surface, where it can be eluted by aqueous solutions.
Next, PEO, PLGA and co-axial electrospun fibers were collected on glass coverslips and
the meshes and contact angles measured (Figure 3.11). The contact angle on the PLGA mesh was

Figure 3.11: Sessile contact angle on different electrospun meshes and glass (control)
112° indicating a hydrophobic surface, while the contact angle on the PEO mesh was 11°
indicating a hydrophilic surface. The co-axially electrospun fiber mesh had a contact angle of
around 12° which was similar to the PEO mesh. Post washing, the co-axial electrospun fiber mesh
had contact angle around 106° which was similar to that of the PLGA mesh. Together these data
73

indicate that co-axially electrospun fiber meshes had a PEO sheath, and that most (if not all) of the
surface PEO was removed by soaking the meshes in DI water.
3.3.5

Co-axial electrospinning of microspheres
As a last step, CS-AL microspheres were dispersed in PEO solution and co-axially
(A)

30 µm

A)

30 µm

A)

(B)
B)

B)

Figure 3.12: Co-axial electrospun mesh containing FITC-CS-AL microspheres. A) Phase
contrast image. B) Fluorescent image of A) under wide-bluer filter demonstrating FITC-CSAL microspheres in co-axially electrospun mesh. The yellow arrow points to an area with
higher number of microspheres compared to the area pointed by white arrow where number
of microspheres are very low. The red arrows point to fluorescent structures which might
indicate aggregation of microspheres.
electrospun on the shell side of PLGA to fabricate electrospun mesh containing microspheres.
Phase contrast and fluorescent images indicate that CS-AL microspheres were present within
electrospun mesh (Figure 3.12 a, b). The yellow and white arrows (Figure 3.12b) show an area
containing a lot of microspheres and an area containing fewer microspheres, respectively.
Furthermore, 5-10 μm fluorescent objects were visible in the electrospun meshes (red arrow,
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Figure 3.12b), which could be aggregated microspheres. The microsphere aggregation could be
the result of incomplete dispersion within the electrospinning solution. This problem could
possibly be avoided by one of the two approaches. The first approach involves dispersing
microspheres in an aqueous solution and dissolving PEO in that solution (while rapidly shaking
the solution to prevent microspheres from settling down) to yield a shell solution containing
dispersed microspheres. The second approach involves mixing an aqueous solution containing
dispersed microspheres with a PEO solution (at concentration higher than electrospinning
concentration) to yield a shell solution (at a desired electrospinning concentration) with dispersed
microspheres. This approach may minimize the aggregation in fiber-microspheres composites.
Incorporation of micro- and nano-spheres within electrospun meshes has been subject of
several recent publications. For instance, Dong et al. [137] incorporated two distinct biomolecules
(BSA labelled with Texas-Red and epidermal growth factor (EGF) labelled with AlexaFlour 488)
within different poly vinyl alcohol (PVA) nanospheres, dispersed those nanospheres in
polyurethane solution and electrospun them. However, they did not analyze the release kinetics of
those biomolecules. Melaiye et al. [186] incorporated silver nano-particles (fabricated by silver
(I)-imidazole cyclophanegem-diol complex) in polymeric electrospun fibers and demonstrated
good anti-microbial properties. However, incorporation of microspheres into polymer fiber phase
could have undesirable effects such as (1) the release rate of biomolecules could be controlled by
fiber degradation and (2) reduction in the mechanical properties of the electrospun meshes. In
order to circumvent these effects, some researchers separated the process of fabricating the
scaffolds from the process of incorporation of the particles within it as opposed to electrospinning
both fibers and microspheres from the same electrospinning solution. For instance, Ionsecu et al.
[125] electrospun two polymers from offset spinnerets – a sacrificial polymer containing
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microspheres loaded with protein and another polymer without microspheres – to create
electrospun mesh containing microspheres. However, they observed a decrease in modulus of the
composite fabricated with 30 to 50 mg/ml microspheres in comparison to the composites fabricated
with 10 mg/ml microspheres that they attributed to the decrease in fiber packing density as a result
of incorporating microspheres within the mesh. In another set of studies conducted by DeVolder
et al. [136], fiber-microsphere composites were fabricated by electrospinning PLA fibers and
simultaneously electrospraying protein loaded PLGA microspheres. However, their microsphere
fabrication and protein loading processes involved dispersing a protein solution in an organic
solvent of ethyl acetate/ butyl acetate and then electrospraying the microspheres. Here, the use of
an organic solvent might denature the protein. In contrast, the present study utilizes mild
processing solvents and techniques to fabricate protein loaded microspheres, and utilizes co-axial
electrospinning to incorporate these microspheres within electrospun meshes. In principle, coelectrospinning, electrospraying and co-axial electrospinning can all circumvent the effects of fiber
degradation on biomolecule release. Co-axial electrospinning has a potential to be used for
fabricating graded fiber meshes (since it utilizes only one spinneret and hence, it can be used for
electrospinning from off-set to create graded meshes as suggested by Samavedi et al. [163, 164]).
While, co-electrospinning or electrospraying the microspheres (since they already involve two
spinnerets and so trying to create graded meshes will involve 4 spinnerets and complicate the
system) may not be suitable for fabricating graded meshes. Therefore, the co-axial electrospinning
is a promising alternative for fabricating fiber-microsphere composites.
The fiber-microspheres composites can be potentially applied for wide varieties of
applications. For instance, incorporation of growth factors such as fibroblast growth factor – 2
(FGF-2) within these microspheres could be used to fabricate electrospun meshes that promote
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cell proliferation [86]. Similarly, incorporation of morphogens such as bone morphogenic protein–
2 (BMP-2) or growth and differentiation factor-5 (GDF-5) could be used to promote differentiation
of bone marrow stromal cells into the osteogenic [39] and ligament/tenogenic lineages [95],
respectively. Furthermore, this approach may be utilized to deliver multiple biomolecules with
differerent release kinetics by incorporating one biomolecule within electrospun core or shell of
fiber and incorporating other biomolecule within the microspheres. Finally, this approach can be
applied for fabrication of spatial gradients of bimolecules within electrospun meshes (as described
previously), which might have value in interfacial tissue engineering [187].
3.4

Conclusions
This study describes an approach for creating biomolecule-delivering electrospun meshes

for potential use in tissue engineering applications. In this study, CS-AL microspheres were
fabricated and a model biomolecule (FITC-BSA) was incorporated within the microspheres. The
size of the microspheres and the release of BSA were varied by varying fabrication parameters
such as CAR, type of alginate and concentration of calcium chloride concentration. Finally, CSAL microspheres were co-axially electrospun to fabricate a fiber-microsphere composite.
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Chapter 4
Summary and Future Directions
4.1

Summary of the Results
The goal of this research project was to develop a platform to deliver biomolecules within

electrospun mesh with the aim to promote cellular activities such as attachment, spreading,
proliferation and differentiation. Towards this end, two approaches were developed to incorporate
the biomolecules within electrospun meshes.
The first approach involved covalently conjugating a peptide after electrospinning the
mesh. To accomplish this, chitosan was co-axially electrospun on the shell side of PCL and RGD
was conjugated to chitosan via sulfo-SMCC linker. Rat BMSCs were seeded on the meshes to
investigate cell density and cell attachment. RGD promoted an increase in cell density both at
shorter and longer durations Furthermore, RGD stimulated BMSCs to spread further and develop
a more extensive actin cytoskeleton within first 6 hours of seeding. These results suggest that
biomolecules covalently conjugated with electrospun meshes can affect cellular functions such
cell attachment and cell spreading.
The second approach involved incorporating biomolecules within electrospun meshes via
microspheres. This was accomplished by a two-step process. The first step process involved
fabrication of microspheres and investigating the effect of processing parameters on loading and
release of biomolecules. In particular, we fabricated chitosan/PLL – alginate microspheres and
incorporated FITC-BSA within them. The size of microspheres and release of FITC-BSA was
changed by changing cation : alginate ratio (CAR), concentration of CaCl2 and type of alginate
(acetylation and molecular weight). The second step involved electrospinning those microspheres.
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To accomplish this, first we designed, fabricated and tested a co-axial electrospinning equipment
to create core-shell fibers. In particular, PEO was electrospun on the shell side of PLGA and this
was independently confirmed by optical microscopy, ATR-FTIR spectroscopy and contact angle
measurements. Finally, microspheres were dispersed in PEO solution and co-axially electrospun
on the shell side to fabricate fiber-mesh composite. These results suggest that fiber-microsphere
composite can be used to create electrospun meshes containing biomolecules.
4.2

Future Recommendations
The experimental methods developed during this research project and the results produced

from them present promising alternatives to deliver biomolecules within electrospun meshes.
Further investigations in the following areas will extend the work in pursuit of directing stem cells
to differentiate towards bone and ligament lineages. In particular, four research investigations
which involve (1) covalent conjugation of biomolecules to promote cellular functions such as
differentiation (2) Investigating the release of biomolecules (loaded in CS-AL microspheres) from
electrospun meshes (3) Fabricating electrospun meshes containing gradient of biomolecules and
(4) processing the meshes into 3-D scaffolds can play facilitate ligament tissue engineering.
4.2.1

Covalent conjugation of biomolecules to promote variety of cellular responses
This area of future work deals with investigating the effects of covalently conjugated

biomolecules to promote cellular functions other than adhesion and proliferation. Previous reports
have shown that RGD attached to tissue engineering scaffolds can promote cells to express higher
bone- [188] and ligament/tendon-specific [106, 189] ECM proteins. However, the present study
(Chapter 2) did not investigate the effect of RGD to promote expression of genes or proteins
specific either to bone or ligament/tendon. The future set of studies should be aimed to analyze
79

mRNA and protein expression for collagen 1, decorin, tenomodulin, scleraxis, bone sialoprotein,
alkaline phosphatase, osteopontin and bone morphogenic protein-2 (BMP-2). The studies should
also involve mineralization assays.
Furthermore, the same platform can be used to conjugate biomolecules other than RGD to
promote other cellular functions. For instance, laminin derived peptides (LDP) can be conjugated
to electrospun meshes to promote BMSCs’ migration [190]. On the other hand, LDP, BMP-2 and
GDF-5 can be conjugated to electrospun mesh to promote BMSCs to differentiate towards neural
[190], osteogenic [39] and ligament lineages. Although, the conjugation of these molecules might
require usage of other linkers such as 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and Nhydroxy succinimide (EDC and NHS) because these molecules might not be available with thiol
(-SH) groups.
4.2.2

Controlled release of biomolecules from electrospun mesh
This area of future work deals with investigating release of biomolecules from electrospun

meshes. In the present study (Chapter 3) it was demonstrated that electrospun containing
microspheres can be fabricated to incorporate biomolecules within the mesh. However, the present
study did not investigate the release kinetics of FITC-BSA from electrospun mesh. Hence, future
studies should investigate the release of FITC-BSA from CS-AL microspheres embedded within
electrospun meshes.
Additionally, molecules other than FITC-BSA can be incorporated within the microspheres
to promote cellular functions. For instance, FGF-2 or BMP-2 can be incorporated within CS-AL
microspheres which can then be embedded within electrospun meshes to promote proliferation or
differentiation of BMSCs respectively. However, before incorporation of these biomolecules
within electrospun meshes, the encapsulation efficiency and release kinetics of these biomolecules
80

from CS-AL microspheres should be tuned. The release rate should be tuned to match the
requirements of tissue development stage for which the biomolecules are targeted (The cells stagewise pass through following tissue development stages – proliferation, maturation and
differentiation [191]. Hence, biomolecules can be targeted for specific stages and thus might have
different rates for release).
4.2.2.1

Preliminary data with FGF-2
Preliminary studies were done to investigate to determine the loading efficiency of CS-AL

to incorporate FGF-2. CS-AL microspheres encapsulated 30% of FGF-2 only. Hence, new
strategies must developed to improve the encapsulation efficiency of CS-AL microspheres. It has
been demonstrated that the encapsulation efficiency of alginate microspheres was improved by
addition of adjuvant such as heparin [192], alginate sulfate [193]. Furthermore, this adjuvants led
to sustained release of FGF-2 from the microspheres. Therefore, the synthesis process of
microspheres was modified to incorporate adjuvant.
Heparin (from Fischer, 1- 5 KDa) was added to alginate pre-gel to improve the loading
efficiency of the pre-gel. However, before analyzing the effect of heparin incorporation to improve
FGF-2 loading, the effect of heparin on microspheres size was investigated. Briefly, alginate and
heparin solutions were mixed for 2 hours followed by addition of 48 mM CaCl2 to form pre-gel.
The pre-gel was centrifuged at 12900 × g for 5 minutes and then resuspended in de-ionized water.
The effect of concentration of heparin on pre-gel size was analyzed using DLS. The sizes were
measured in absence of FGF-2. Microsphere size analysis suggested that size of pre-gel was not
affected by heparin concentration (Figure 4.1).
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Figure 4.1: Effect of addition of heparin on alginate pre-gel’s size. Alginate of 0.6 mg/ml and 48
mM CaCl2 were used for all the microspheres.
Alginate and alginate-heparin pre-gel were synthesized using ionic gelation. Briefly,
heparin and FGF-2 were mixed in mass ratio 1:1 for 2 hours at 4 °C. The mixture of heparin and
FGF-2 was then added to alginate and they were mixed for 2 hours at 4 °C, followed by addition
of 48 mM CaCl2 dropwise to form a pre-gel. The pre-gel was mixed for 30 minutes to stabilize,
followed by centrifugation at 12900 × g for 5 min to collect the supernatant. The feed and
supernatant was analyzed using enzyme linked immunoabsorbant assay (ELISA) to determine the
encapsulation efficiency.
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Figure 4.2: Encapsulation efficiency of alginate and alginate-heparin microspheres for FGF-2
The encapsulation of FGF-2 in alginate pre-gel was around 30% while in presence of
heparin the encapsulation efficiency increased to 51% (Figure 3). The increase in encapsulation
efficiency of FGF-2 in alginate-heparin microspheres could be attributed to affinity of FGF-2
towards heparin.
4.2.3

Electrospun meshes containing gradients of peptides or proteins
Interfacial tissue engineering aims to improve tissue interfaces utilizing graded scaffolds

to recapitulate in vivo transitions between tissues [194]. For example, ligaments insert into bone
through fibrocartilage interface which is characterized by spatially controlled variations in cell and
matrix compositions [195]. Recently, meshes containing gradients in surface chemistries have
been fabricated for engineering ligament-bone interface and transitions [163, 164]. Specifically,
Samavedi et al. created gradients in surface chemistries in electrospun meshes by electrospinning
two different polymers from off-set spinnerets. The same process of electrospinning from off-set
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spinnerets can be applied to fabricate meshes containing gradient of biomolecules. Figures 4 and
5 show two alternative approaches.

Figure 4.3: Schematic representation of fabricating grading meshes via co-axial electrospinning
of chitosan. The left hand spinneret represents co-axial electrospinning of chitosan/PEO (green)
on the shell side and PCL (red) on the core side. The polymer on the right side can be PCL or any
other.

Figure 4.4: Schematic representation of fabricating grading meshes via co-axial electrospinning
of CS-AL microspheres. The left hand spinneret represents co-axial electrospinning of mixture
PEO (green) and microsphere (blue) on the shell side and PLGA (red) on the core side. The
polymer on the right side can be PLGA or any other.
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For the first approach (Figure 4.3), chitosan-PCL can be co-axially electrospun in
shell/core form from one side of drum while PCL can be electrospun from other side of the drum
while keeping both the spinnerets off-set. This configuration will result in an electrospun mesh
containing gradient of chitosan. The gradient of chitosan can be used to graft biomolecules to
produce graded electrospun meshes. For the second approach (Figure 4.4), biomolecules loaded
microspheres can be co-axially electrospun on the shell side of PLGA from one side of the drum
while PLGA can be electrospun from other side in an off-set manner. This configuration will also
result in an electrospun mesh containing gradient of microspheres thus resulting in gradient of
biomolecules.
4.2.4

Fabrication of 3-D scaffolds
This area of future work deals with fabrication of 3-D scaffolds that will be required for

ACL replacement. The process of electrospinning produces thin meshes with huge lateral
dimensions which can be well suited for tissues that require 2-D scaffolds (skin [139]). However,
these meshes cannot be translated for tissues requiring 3-D structures (tendon, ligament, bone,
neural). Recently, electrospun meshes have been made 3-D by rolling or stacking the meshes and
then incorporating hydrogels such as PEG or collagen to bind the layers [44]. This process of
fabricating 3-D scaffolds can be applied to biomolecule loaded electrospun meshes fabricated from
either of the two approaches. Such a scaffold can be potentially used to facilitate repair or native
tissues.
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4.3

Summary of the chapter
The two strategies – (1) co-axially electrospinning chitosan on the shell side and

conjugating RGD to it and (2) co-axially electrospinning biomolecules loaded CS-AL
microspheres on the shell side – suggested by the present study provide promising alternatives for
incorporating biomolecules within electrospun meshes. However, future investigations in the
following areas will take this research project to the next step in the pursuit of repair or
regeneration of ligament. In particular, (1) the future experiments could investigate the effect RGD
and other biomolecules such as FGF-2, GDF-5 etc. to promote differentiation of bone marrow
stromal cells (BMSCs) towards ligament/tenogenic lineage.(2) Another set of experiments could
be focused on creating graded meshes by electrospinning from offset spinnerets with the long term
aim to improve osseointegration of the tissue engineered ligament graft. (3) The final set of
experiments could be aimed to fabricate a 3-D scaffold from biomolecule loaded electrospun mesh
by rolling and cross linking with hydrogel with the aim to create physiologically relevant graft.
4.4

Concluding remarks of the thesis
Tissue engineered graft provides a promising alternative to facilitate repair or regeneration

of ACL ruptures. In particular, a biodegradable fibrous graft (fabricated by electrospinning)
containing biomolecules and seeded with BMSCs may be suitable for ligament tissue engineering
application. However, incorporation of biomolecules within such a graft is challenging. Therefore,
the present study developed two strategies to incorporate biomolecules within tissue engineering
graft. The first strategy involved co-axially electrospinning amine rich polymer (chitosan) on the
shell side of a polyester fiber and then conjugating a peptide to the electrospun mesh. The second
strategy involved co-axially electrospinning biomolecules loaded microspheres (FITC-BSA in CSAL microspheres) on the shell side of a polyester fiber. The results from the present study suggest
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that both these strategies can be utilized to incorporate biomolecules within electrospun meshes.
However, these studies were performed with model biomolecules (RGD and FITC-BSA).
Therefore, more studies could be performed to incorporate relevant biomolecules (FGF-2, GDF5) with the aim to promote ligament tissue engineering. Furthermore, future studies involving
fabrication of graded meshes and 3-D scaffolds can facilitate fabrication of ligament type tissue
which may be suitable for in vivo testing.
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Abstract
Although bone-patellar tendon-bone (B-PT-B) autografts are the gold standard for repair
of anterior cruciate ligament ruptures, they suffer from drawbacks such as donor site morbidity
and limited supply. Engineered tissues modeled after B-PT-B autografts are promising alternatives
because they have the potential to regenerate connective tissue and facilitate osseointegration.
Towards the long-term goal of regenerating ligaments and their bony insertions, the objective of
this study was to construct 2D meshes and composite 3D cylindrical composite scaffolds –
possessing simultaneous region-wise differences in fiber orientation, diameter, chemistry and
mechanical properties – by electrospinning two different polymers from off-set spinnerets. Using
a dual drum collector, 2D meshes consisting of an aligned polycaprolactone (PCL) fiber region,
randomly oriented poly(lactide-co-glycolide) (PLGA) fiber region and a transition region
(comprised of both PCL and PLGA fibers) were prepared, and region-wise differences were
confirmed by microscopy and tensile testing. Bone marrow stromal cells (BMSCs) cultured on
these meshes exhibited random orientations and low aspect ratios on the random PLGA regions,
and high aspect ratios and alignment on the aligned PCL regions. Next, meshes containing an
aligned PCL region flanked by two transition regions and two randomly oriented PLGA regions
were prepared and processed into 3D cylindrical composite scaffolds using an interpenetrating
polyethylene glycol diacrylate hydrogel to recapitulate the shape of B-PT-B autografts. Tensile
testing indicated that cylindrical composites were mechanically robust, and eventually failed due
to stress concentration in the aligned PCL region. In summary, this study demonstrates a process
to fabricate electrospun meshes possessing region-wise differences in properties that can elicit
region-dependent cell responses, and be readily processed into scaffolds with the shape of B-PTB autografts.
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A.1

Introduction
Surgical reconstruction of ruptured ligaments with soft tissue grafts creates bone-graft

interfaces within bone tunnels, where mismatched properties can result in poor osseointegration
and increased rate of graft failure (Lu and Jiang, 2006; Moffat et al., 2009). These risks can be
mitigated by grafts that possess hard- and soft-tissue regions, such as the bone-patellar tendonbone (B-PT-B) graft for anterior cruciate ligament (ACL) replacement.

However, B-PT-B

autografts suffer from other drawbacks such as donor site morbidity and limited supply. Therefore,
our long-term goal is to develop an engineered bone-ligament-bone (B-L-B) tissue that
recapitulates the structure and properties of B-PT-B grafts. The achievement of such an engineered
tissue requires robust 3D scaffolds possessing region-wise differences in architecture, chemistry
and mechanical properties.
Electrospinning is a versatile technique that can create fibrous meshes suitable for
reconstructing B-L-B tissues. Electrospun meshes have been examined in the regeneration of a
wide variety of orthopedic tissues such as bone, rotator cuff and cartilage (Bonzani et al., 2006;
Inui et al., 2012; Jang et al., 2009; Pham et al., 2006a). Specifically, meshes possessing random
fiber orientations for regenerating bone tissue (Shin et al., 2004) can be formed by electrospinning
onto a stationary target (Badami et al., 2006). Similarly, meshes possessing aligned fibers for
engineering connective tissues (Cardwell et al., 2012) can be achieved by electrospinning onto a
rotating drum (Bashur et al., 2006), onto a drum comprised of parallel copper wires (Katta et al.,
2004) or between two grounded rods (Li et al., 2003). Recently, meshes possessing regions with
different fiber orientations (Xie et al., 2010) and spatial gradients of alignment (Xie et al., 2012)
have been fabricated and examined towards potentially engineering tissue transitions.
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An advantage of electrospinning over many other scaffold fabrication techniques is that
the orientation of resultant sub-micron/micron-diameter fibers can influence cell orientation and
morphology by the phenomenon of contact guidance. Specifically, systematic increases in the
degree of fiber alignment have been shown to alter cell shape from polygonal to spindle (Li et al.,
2007) and to increase cell alignment (Bashur et al., 2006; Bashur et al., 2009; Xie et al., 2012).
These studies suggest that region-wise differences in fiber properties should influence region-wise
differences in shape, orientation and phenotype of adherent cells.
Towards the long-term goal of creating engineered B-L-B tissues, the objective of this
study was to demonstrate that 2D meshes and 3D cylindrical composite scaffolds possessing
region-wise differences in fiber orientation, diameter, chemistry and mechanical properties could
be fabricated by electrospinning two different polymers from offset spinnerets onto a dual drum
collector. Specifically, polycaprolactone (PCL) was electrospun in the gap region between the
two drums of the collector, while poly (lactide-co-glycolide) (PLGA) was collected onto one or
both of the drums. Scanning electron microscopy (SEM), fluorescence imaging and tensile testing
were performed to confirm region-wise differences in 2D mesh properties, while cell culture was
performed to determine their effect on bone marrow stromal cell (BMSC) orientation and
morphology. Finally, meshes were rolled and encapsulated within a hydrogel phase to form 3D
cylindrical composite scaffolds possessing an aligned region flanked by two transition and two
randomly oriented regions.
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Figure A.1: Cartoons of electrospinning set-up depicting the offset spinnerets and the dual-drum
collector. (a) Two spinnerets were used to form a single transition region. (b) Three spinnerets
were used to form two transition regions. Shields (in brown) were used to control the sizes of the
transition regions.
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A.2

Materials and methods

A.2.1

Materials
All chemicals, solvents and material supplies were purchased from Fisher Scientific

(Pittsburgh, PA) and biological supplies from Life Technologies (Gaithersburg, MD) unless
otherwise specified. PLGA (85:15, inherent viscosity: 0.66 dL/g in chloroform) was purchased
from DURECT Corporation (Birmingham, AL), and 2,2,2 trifluoroethanol (TFE) was purchased
from Acros Organics (Morris Plains, NJ). PCL (Mn = 70-90 kDa), 1,1,1,3,3,3 hexafluoro-2propanol (HFIP), minimal essential medium-α modification (α-MEM), Dulbecco’s modified Eagle
medium (DMEM), trypsin/sodium salt of ethylenediamine tetraacetic acid (trypsin/EDTA), bovine
serum albumin (BSA), Triton X-100 and Irgacure 2959 photoinitiator were purchased from Sigma
Aldrich (St. Louis, MO). Fetal bovine serum (FBS) was obtained from Gemini Bio-Products
(Calabasas, CA), 5(6)-carboxytetramethylrhodamine (rhodamine) from EMD Millipore
Corporation (Billerica, MA), Vectamount AQ from Vector Labs (Burlingame, CA) and poly
(ethylene glycol) diacrylate powder (PEGDA) from Glycosan Biosystems (Alameda, CA).
A.2.2

Design of a dual-drum collector
A dual-drum collector was constructed by attaching two 8.9 cm diameter hollow aluminum

drums via a 35 cm long, 1.5 cm diameter metal rod. The drums were separated by a gap distance
that could be adjusted from 0 to 7.6 cm. The inner transverse regions of the drums and the metal
rod were covered with Plexiglas to provide electrical insulation. The drums were electrically
connected internally, the collectors were grounded and the entire system was mounted on a
fiberglass-epoxy stand. The drums were connected to a 300-to-1 geared 12 V DC motor and a
controller that regulated the speed of rotation.
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A.2.3

Fabrication of meshes with a single transition region
In the first set of studies, PCL and PLGA solutions were electrospun onto the dual drum

collector as depicted in Figure A.1a. Briefly, the drums were wrapped in aluminum foil and the
gap distance between the drums was set at 2.5 cm (which is close to the length of the human ACL
(Vunjak-Novakovic et al., 2004)). Cardboard shields (shown in brown) were placed on either side
of the drums to control the size of the transition region where both PCL and PLGA fibers could
deposit, and the drum was rotated slowly (~20 rpm). Initially, a PCL solution (either 7.5% or
10.5% (w/w) in TFE) was electrospun for 2 min at a flow rate of 3 mL/h, throw distance of 12 cm
and a potential of +13 kV into the gap region between the drums. Then, the power supply to the
PCL solution was turned off and a PLGA solution (13% (w/w) in HFIP) was electrospun for 2 min
at a flow rate of 3 mL/h, throw distance of 12 cm and a potential of +13 kV onto Drum 1.
Subsequently, the solutions were electrospun alternately for 5 min each and thereafter for 10 min
(PCL) and 6 min (PLGA). (The two polymers were not electrospun simultaneously due to charge
repulsion.) Electrospinning was performed in this manner for 1 h. Meshes fabricated using the
7.5% (w/w) PCL and 13% PLGA solutions were designated “PCL7.5-PLGA13”, while meshes
fabricated using the 10.5% (w/w) PCL and 13% (w/w) PLGA solutions were designated
“PCL10.5-PLGA13”. Post-electrospinning, the meshes were allowed to dry in a fume hood
overnight.
To visually confirm the three different regions within a single mesh, a 13% PLGA solution
was doped with 1,1′-dilinoleyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) and
electrospun against a 7.5% PCL solution (without dye) as described previously. Post-drying,
samples were removed from the collector, immobilized on 7.6 cm × 2.5 cm glass slides using
medical adhesive silicone (Factor II, Lakeside, AZ) and photographed.
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A.2.4

Imaging of electrospun meshes
Fiber diameter and orientation were quantified from scanning electron micrographs.

Briefly, samples from the aligned, transition and random regions of the electrospun meshes were
mounted on SEM studs, sputter-coated with gold-palladium (Model 208 HR, Cressington
Scientific Instruments, Cranberry, PA), and imaged using a LEO1550 field emission SEM (Oxford
Instruments, Oxfordshire, UK) at an operating voltage of 5 kV using a secondary electron detector.
Images were exported to Image J software (National Institutes of Health, Bethesda, MD), and fiber
diameter and orientation were quantified as described previously (Bashur et al., 2006). Fiber
orientation was reported in terms of an angular standard deviation (ASD).
Spatial heterogeneity in mesh chemistry was confirmed by imaging fluorescently labeled
PLGA and PCL fibers. Briefly, fluorescent meshes were prepared by adding a 2.5 mg/mL
rhodamine solution in water to a 13% PLGA solution in HFIP at 0.5% (v/v) and adding 1 mg/mL
3,3'-dilinoleyloxacarbocyanine perchlorate (DiO) in dimethyl sulfoxide to a 7.5% PCL solution in
TFE at 1.5% (v/v). Fluorescent PCL and PLGA solutions were electrospun onto the dual drum
system as described previously, and samples from the different regions were mounted onto 18 mm
diameter glass coverslips. Phase contrast and fluorescence images were collected using an
Olympus IX50 inverted microscope (Opelco, Sterling, VA) equipped with wide blue and wide
green filter cubes and a cooled CCD camera (Model C4742-95, Hamamatsu, Bridgewater, NJ).
Merged fluorescence images were constructed by assigning rhodamine and DiO fluorescence to
red and green channels respectively. Image processing was performed using MATLAB software
(MathWorks, Natick, MA) to remove the rhodamine signal from the green channel.
A.2.5

Cell culture
BMSCs were obtained from 2 month old female Lewis rats in accordance with the Institute
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for Animal Care and Use Committee at Virginia Tech, using a procedure described previously
(Kavlock et al., 2007). Cells were cultured in growth medium (DMEM supplemented with 10%
FBS and 1% antibiotic/antimycotic). For cell culture, electrospun meshes were immobilized on
glass slides as described previously, and dried in a vacuum chamber overnight to remove residual
solvent. Subsequently, the glass slides were transferred into rectangular wells of custom designed
polycarbonate inserts (circular and fabricated to fit within 150 mm Petri dishes) and sterilized by
exposure to ultraviolet radiation overnight. The inserts were then transferred into sterile 150 mm
Petri dishes, and the meshes were incubated with 8 mL of growth medium for 24 h at 37 °C and
5% CO2. Thereafter, BMSCs (at passage 3) were seeded drop-wise onto the aligned and random
regions of the meshes at a density of 5,000 cells/cm2. Cells were cultured on the meshes for a total
of 3 days.
A.2.6

Cell morphology and orientation on electrospun meshes
Cell morphology and orientation were determined on both the aligned PCL and random

PLGA regions of the meshes. Briefly, cells were washed thrice with phosphate buffered saline
(PBS) and fixed with 4% methanol-free formaldehyde. Next, they were permeabilized with a 0.5%
Triton X-100 (in PBS) and subsequently stained with rhodamine-phalloidin (1:60 dilution in PBS)
for 20 min. Samples were washed thrice with PBS in between the staining steps. Finally, they
were counterstained with DAPI (1 μg/mL in PBS) for 5 min. Cells on the aligned and random
regions of the meshes were imaged at 20× under green (for rhodamine) and ultraviolet filters (for
DAPI) using a Leica DM IL microscope fitted with a DFC 420 color camera (Leica Microsystems,
Buffalo Grove, IL). Images were exported into Image J and outlines were drawn around cells.
Thereafter, projected areas, aspect ratios (the ratio of the long and short axes of an elliptical cell)
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and ASD were determined for each cell. Cells in physical contact with one other were excluded
from this analysis.
A.2.7

Fabrication of meshes with two transition regions and formation of 3D cylindrical
composite scaffolds
Meshes possessing an aligned PCL region flanked by two transitions and two random

PLGA regions were fabricated using three spinnerets as illustrated in Fig. A.1b. Briefly, a PCL
solution (either 7.5% or 10.5% in TFE) was first electrospun at 3 mL/h, using a throw distance of
11 cm and an electric potential of –13 kV into the gap region between the drums. After 3 min the
power supply to the PCL solution was turned off and PLGA solution (13% in HFIP) was
electrospun from two syringes simultaneously onto Drums 1 and 2 at 3 mL/h, using a throw
distance of 11 cm and an electric potential of –13 kV. After 2 min, the power supply to the PLGA
solutions was turned off and the PCL was electrospun into the gap region again. Electrospinning
was continued in this manner for 2 h to result in meshes possessing five different regions. Post
electrospinning, the meshes were either cut into rectangular strips for mechanical testing or formed
into 3D cylindrical composite scaffolds.
For construction of 10.5 cm long cylindrical composite scaffolds, electrospun meshes were
cut into 6.0 cm × 10.5 cm pieces. Each piece was removed from the aluminum foil and rolled
around a guide (formed by two blunt-tip 20G needles placed tip-to-tip). Once rolled, the needles
were partially withdrawn and 0.5 mL of a 20% PEGDA solution containing 0.26% Irgacure 2959
was injected through each of the needles. The outer surface of the rolled mesh was further bathed
in PEGDA/Irgacure 2959 solution and the construct was cured by exposure to ultraviolet light for
10 min, after which the needles were completely removed.
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A.2.8

Mechanical testing of 2D meshes and 3D cylindrical composite scaffolds
Monotonic tensile testing was performed on the aligned PCL and randomly oriented PLGA

regions, as well as on whole 3D cylindrical composite scaffolds. Briefly, random PLGA sections
were cut into 3 cm × 0.5 cm strips, while aligned PCL sections were cut into 4.5 cm × 0.5 cm
strips. (The aligned sections included the transition regions, which were secured within the grips
of the testing frame.) All strips were incubated overnight in deionized water at room temperature
under vacuum to ensure complete wetting. The samples were submerged in PBS at room
temperature and strained at 1 mm/min using a pneumatically powered horizontal Tytron 250
tensile tester (MTS Systems, Eden Prairie, MN). Force-displacement data were collected and
elastic moduli were determined based on a regression of the linear portion (i.e., 1-2.5 % strain) of
the stress-strain curve.
A.2.9

Statistical analysis
A Wilcoxon 2-sample test was used to determine statistical significance, with a p-value <

0.05 considered significant. For fiber orientation and diameter, 100 fibers were analyzed per
region per mesh group and data reported as mean ± standard deviation, while for cell morphology,
at least 125 cells per region collected over three different samples for each mesh group were
analyzed and date presented as mean ± standard error of mean. Tensile moduli and ultimate tensile
strength data are reported as mean ± standard deviation for the PCL7.5-PLGA13 meshes (n=8),
PCL10.5-PLGA13 meshes (n=5) and cylindrical composites (n=4).
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A.3

Results

A.3.1

Fabrication and characterization of electrospun meshes with a single transition
region
Electrospinning of PCL and PLGA alternately from offset spinnerets onto the dual drum

collector resulted in the formation of meshes possessing three distinct regions (Fig. A.2a): a) a
dark pink region on Drum 1 corresponding to DiI-stained PLGA fibers, b) a light pink region
comprising both DiI-stained PLGA and unstained PCL fibers, and c) a white region corresponding
to PCL fibers that bridged the gap region between the two drums. Differences in fiber orientation
and diameter for the different regions of the PCL7.5-PLGA13 (Fig. A.2b-d) and PCL10.5PLGA13 (Fig. A.2e-g) meshes were confirmed by SEM (Table 1). Specifically, PLGA fibers on
Drum 1 were randomly oriented (Fig. A.2b,e) with ASD values of more than 57° while the PCL
fibers collected from the gap region were aligned parallel to the axis of the dual drum collector
(indicated by yellow arrows in Fig. A.2d,g) with ASD values below 25°. Use of 7.5 and 10.5%
PCL solutions resulted in fiber diameters of 0.36 and 0.74 μm, respectively in the aligned regions
(Fig. A.2d,g), while 13% PLGA resulted in 2.0-2.4 μm fibers (Fig. A.2b,e). (Here, 7.5 and 10.5%
PCL solutions were used to illustrate that the properties of the fibers in the aligned and random
regions could be varied independently). In the transition region, both the larger PLGA fibers and
smaller PCL fibers were observed (Fig. A.2c,f). The larger PLGA fibers frequently deposited in
looping patterns (blue arrows), while the thinner PCL fibers appeared to be aligned
circumferentially (i.e., in the direction of drum rotation, red arrows). At the interface of the
transition region and the aligned region, all of the fibers appeared to be aligned circumferentially
(Fig. A.2h). The circumferentially aligned fibers in the transition region may be a result of fibers
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bridging between the shield and the rotating drums. Due to the presence of this artifact, the
transition region was not characterized further.

Figure A.2: (a) Photograph of a representative electrospun mesh comprising 4 regions: random
PLGA (pink), transition (light pink), aligned PCL (white), and random PCL (also white). The pink
coloration corresponds to DiI incorporated into the PLGA solution, and the scale bar represents
2.5 cm. SEM micrographs (collected parallel to the axis of the collector) from the (b) random
PLGA region, (c) transition PLGA/PCL region and (d) aligned PCL region of the PCL7.5PLGA13 mesh; (e) random PLGA region, (f) transition PLGA/PCL region and (g) aligned PCL
region of the PCL10.5-PLGA13 mesh; (h) edge of the transition region from PCL10.5-PLGA13
mesh. Scale bars in all panels represent 10 μm, and arrows in (d), (g) and (h) indicate the axis of
the collector.
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Phase contrast and fluorescent images were also collected to confirm the presence of
different fiber chemistries across a single mesh. Randomly oriented large diameter fibers that were
collected on Drum 1 fluoresced red under wide green illumination (Fig. A.3a,d), while small
diameter aligned fibers that were collected in the gap between drums fluoresced green under blue
illumination (Fig. A.3c,f). In the transition region at the edge of Drum 1, a mixture of both large
diameter fibers that fluoresced red and small diameter fibers that fluoresced green were observed
(Fig. A.3b,e).

Figure A.3: Phase contrast and fluorescent images of fluorescently stained PCL7.5-PLGA13
meshes. (a-c) Phase contrast images of fibers collected from the random, transition, and aligned
regions, respectively. (d-f) Corresponding fluorescent images of fibers in the random, transition,
and aligned regions, respectively. Red and green correspond to rhodamine-stained PLGA and
DiO-stained PCL fibers.
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A.3.2

Mechanical testing of 2D meshes
Tensile strain to failure was performed to assess the mechanical properties of the PLGA

and PCL regions of 2D meshes (Fig. A.4). Following toe-in, random PLGA fiber regions were
stiffer than the aligned PCL fiber region (Fig. A.4b), with tensile moduli of 24-28 MPa for 13%
PLGA as compared to 6.8 and 9.9 MPa for 7.5 and 10.5% PCL, respectively (Table A.1).

Figure A.4: Mechanical testing of regions of 2D meshes. (a) Stress-strain curves of random
PLGA fiber samples prepared from 13% PLGA in HFIP and aligned PCL fiber samples prepared
from 7.5 and 10.5% PCL in TFE. (b) Magnified view of the linear portion of the stress-strain
curves.
Moreover, the ultimate tensile strengths of the PLGA regions were lower than that of the PCL
regions (Table A.1). Materials yielded within 5-10% strain, but PLGA samples showed a stairstep pattern (Fig. A.4a, blue trace). In contrast, PCL meshes exhibited a long plastic deformation
window. In addition, increasing the PCL concentration of the electrospinning solution from 7.5 to
10.5% increased the modulus by 46%, but this difference was not statistically significant.
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Mesh

PCL7.5PLGA13

PCL10.5PLGA13

Region

Diameter
(μm)

ASD
(degrees)

Tensile
Modulus
(MPa)

Random
(PLGA)

2.4 ± 0.66

57.1

27.8 ± 7.9

Aligned
(PCL)

0.36 ± 0.11

20.3

6.8 ± 3.7

Random
(PLGA)

2.0 ± 0.51

58.0

23.8 ± 4.4

Aligned
(PCL)

0.74 ± 0.23

24.8

9.9 ± 2.8

Ultimate
Tensile
Strength (MPa)
25 ± 9
50 ± 14
24 ± 2
41 ± 12

Table A.1: Diameter and angular standard deviation (ASD) of fibers, and tensile moduli and
ultimate tensile strengths of samples from the random and aligned regions of PCL7.5-PLGA13
and PCL10.5-PLGA13 meshes.
A.3.3

Cell morphology on electrospun meshes
BMSCs were cultured on electrospun meshes to evaluate the influence of fiber alignment,

and diameter of two different regions (i.e., aligned PCL and random PLGA) on cell morphology.
On the random regions of PCL7.5-PLGA13 and PCL10.5-PLGA13 meshes (2.0 and 2.4 μm
diameter PLGA fibers, respectively), cells were polygonal and randomly oriented (Fig. A.5a,c).
In contrast, cells appeared spindle shaped and aligned parallel to the direction of fiber alignment
on the aligned regions (0.36 and 0.74 μm diameters PCL fibers respectively) (Fig. A.5b,d).
Moreover, rhodamine-phalloidin staining revealed distinct bundled actin stress fibers within cells
on the aligned regions, in contrast to a more diffuse actin cytoskeleton in cells on the random
regions.
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Figure A.5: BMSC morphology on the (a) random and (b) aligned regions of the PCL7.5-PLGA13
mesh, and (c) random and (d) aligned regions of PCL10.5-PLGA13 mesh, stained for actin
cytoskeleton (red) and nuclei (blue). Scale bars represent 100 μm, while the arrows in (b) and (d)
represent the direction of fiber alignment.
Quantitative analysis of cell morphology revealed differences in ASD and aspect ratios for
cells on the random and aligned regions of both meshes (Fig. A.6). In general, cells on the random
regions exhibited random orientation and an ASD in excess of 50°, while cells on the aligned
regions shared a common orientation and exhibited an ASD smaller than 20°. Projected cell areas
were significantly lower for cells on the aligned region of the PCL10.5-PLGA13 mesh compared
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to the PCL7.5-PLGA13 mesh. In addition, cell aspect ratios were significantly different, with
ratios below 2 on randomly oriented fibers and in excess of 4 on aligned fibers.

Figure A.6: Cell morphology on the random and aligned regions of the PCL7.5-PLGA13 mesh
and the PCL10.5-PLGA13 mesh: a) cell area, b) angular standard deviation and c) aspect ratio.
An asterisk indicates significant differences between aligned and random fiber regions (p < 0.05),
while a pound symbol indicates statistical differences between corresponding regions of PCL7.5PLGA13 and PCL10.5-PLGA13 meshes.
A.3.4

Fabrication of 3D cylindrical composite scaffolds
To illustrate that electrospun meshes fabricated with the dual-drum collector may be

amendable to forming 3D scaffolds suitable for B-L-B tissue engineering, PCL was electrospun in
the gap region while PLGA was electrospun onto Drums 1 and 2. The resultant meshes (Fig. A.7a)
consisted of a 2.5 cm wide aligned PCL region (white), flanked by two transition regions (light
pink) and two random DiI-stained PLGA regions (dark pink). The meshes were rolled and crosslinked within a PEGDA hydrogel to result in a 3D cylindrical composite scaffolds (Fig. A.7b). In
these cylindrical composites, the aligned PCL region was consistently thinner than the flanking
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random PLGA regions. This difference in thickness may be a consequence of the smaller diameter
of PCL fibers, the better packing of aligned fibers as compared to random fibers, and the rapid
aggregation of the PCL fibers upon wetting with the PEGDA/Irgacure 2959 mixture.

Figure A.7: Photograph of (a) an electrospun mesh depicting 5 regions: random PLGA,
transition, aligned PCL, transition and random PLGA; (b) 3D cylindrical composite scaffold
fabricated by rolling the electrospun mesh and encapsulating it within a hydrogel phase. The pink
coloration corresponds to DiI incorporated into the PLGA solutions.
A.3.5

Mechanical testing of 3D cylindrical scaffolds
Tensile testing was performed on whole 3D cylindrical composite scaffolds. Force-overall

strain curves for these composites (Fig. A.8a) had a similar shape as the stress-strain curves for
aligned PCL meshes (Fig. A.4a), except that the ultimate tensile strengths occurred at 15-20%
strain instead of at 60-90%.
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Figure A.8. Mechanical testing of 3D cylindrical composites. (a) Typical force-overall strain
curves for mechanical testing of cylindrical composites formed from PCL7.5-PLGA13 and
PCL10.5-PLGA13 meshes. (b) Corresponding theoretical stress-strain curves for the aligned PCL
region of cylindrical composites assuming that deformation occurs only in this region.
Images collected during tensile strain revealed that deformation and mechanical failure occurred
in the aligned PCL region (Fig. A.9, between the blue arrows). Using the assumption that
deformation occurs exclusively in the aligned PCL region, data were transformed into theoretical
stress-strain curves using the gauge length and cross-sectional area for the aligned PCL region
(Fig. A.8b). These theoretical curves for the PCL/PEGDA composites demonstrate a similar shape
to the aligned PCL 2D meshes (Fig. A.4) and result in theoretical tensile moduli of 2.6 ± 1.3 and
3.2 ± 2.3 MPa for PCL 7.5-PLGA 13 and PCL 10.5-PLGA 13, respectively.
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Figure A.9: Sequence of images of deformation of a cylindrical composite under uniaxial tensile
strain. Three strains were measured from images: total, PCL, and PLGA. a) 0% total, 0% PCL,
0% PLGA. b) 6.6% total, 19.3% PCL, 1.8% PLGA. c) 13.2% total, 40.4% PCL, 1.8% PLGA. d)
20.5% total, 61.5% PCL, 3.7% PLGA. e) 25.3% total, 76.9% PCL, 3.7% PLGA. Blue arrows
show the edges of the PCL region, while yellow arrows show a tear that develops, grows, and
results in failure of the PCL region.
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A.4

Discussion
In this study, two different polymers were electrospun from offset spinnerets onto a dual

drum collector to create meshes with region-wise differences in fiber properties. As a proof of
concept, 13% (w/w) PLGA was electrospun onto one or both collector drums while either 7.5% or
10.5 % (w/w) PCL was electrospun into the gap region between the drums. SEM and fluorescence
imaging confirmed differences in fiber diameter, ASD, and fiber chemistry between the PLGA
and PCL regions of both the PCL7.5-PLGA13 and PCL10.5-PCL13 meshes. Concurrently,
mechanical testing showed that the PLGA region had a tensile modulus roughly three times that
of the PCL region. Cell culture on the 2D meshes showed that BMSCs were highly aligned and
possessed high aspect ratios when cultured on the aligned PCL fiber region, but were polygonal
and randomly oriented when grown on the random PLGA fiber region. Finally, 3D cylindrical
composite scaffolds possessing an aligned PCL, two transition and two random PLGA fiber
regions were achieved by infiltrating a rolled 2D mesh with a cross-linked PEGDA hydrogel.
Together these results demonstrate that 2D meshes can be electrospun with region-wise differences
in fiber diameter, orientation, chemistry and mechanical properties, and processed into 3D
cylindrical composite scaffolds for potential application in the engineering of B-L-B tissues.
Although the fabrication of electrospun meshes with region-wise properties has been the
subject of several recently published studies (Ladd et al., 2011; Li et al., 2009; Paik et al., 2013;
Samavedi et al., 2011), reliable techniques to create 3D scaffolds possessing region-wise
differences in fiber alignment have not been widely described. Xie and colleagues showed that
“aligned-to-random” meshes could be formed by electrospinning simultaneously between metal
frames and onto the frames (Xie et al., 2010). These meshes – made from a single material – lack
a transition zone and are thus marked by abrupt transitions between aligned and random regions.
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In contrast, the present study uses two different polymers – ejected from off-set spinnerets – and
shields to form two regions with different chemistries and fiber diameters, and a ~1 cm wide
mechanically robust transition region where the polymers are integrated. In another study, Xie et
al fabricated PCL fiber meshes possessing gradual transitions from aligned to random orientation
by electrospinning randomly oriented fibers atop an aligned fiber mesh (Xie et al., 2012). Using
a moving shield, they achieved a spatial gradient in the thickness of the random fiber layer.
Although this approach created model fiber surfaces with gradual transitions in fiber orientation −
which cannot be achieved with the dual drum collector in the present study – their two-step process
may not be directly translatable to the fabrication of 3D scaffolds for tissue engineering.
Specifically, their meshes do not possess the appropriate shape and dimensionality for engineering
B-L-B tissues, and the aligned and random regions are bonded at a single interface, risking
adhesive failure under tension.
Adhesive failure can occur in electrospun meshes under tension through stress
concentrations and subsequent breaking of fiber-fiber contacts. As each contact breaks, the stress
is transferred to the next contact, and the stress-strain curve exhibits a long plateau without
significant failure of individual fibers. Such plateaus were observed in the testing of 2D PLGA
meshes in this study (Fig. A.4), as well as for a variety of polyesters and a range of diameters (0.31.5 μm) tested by Li et al (Li et al. 2006). This phenomenon, which reflects excessive fiber drying
in-flight, may have been exacerbated by periodically halting electrospinning (as was done in the
present study), but can be mitigated by reducing solution concentration and/or throw distance. In
contrast, PCL – which was electrospun at lower solution concentrations – did not exhibit a plateau.
Instead, stress-strain curves for aligned PCL fiber samples exhibited a short linear elastic region
(0-5% strain), followed a long deformation window, consistent with previous reports by He et al
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for random (70/30) poly(L-lactide-caprolactone) 0.47 μm diameter fiber meshes (He et al. 2005)
and Barber et al for braids formed from bundles of aligned 0.70 μm poly(L-lactide) fibers (Barber
et al. 2013).
Mechanical testing of 2D meshes also confirmed that different regions had different tensile
properties. In particular, the random PLGA fiber regions had a modulus of 24-28 MPa, which was
roughly three times the 6.8-9.9 MPa modulus of the aligned PCL fiber regions (Table 1). This
difference can be attributed to differences in the mechanical properties of the bulk polymers as the
tensile modulus of PCL is on the order of 430 MPa (Eshraghi and Das 2010) while PLGA is on
the order of 2.0 GPa (Middleton and Tipton 2000). In addition, differences in fiber diameter (0.360.74 μm for PCL and 2.0-2.4 μm for PLGA) may have also contributed to differences in tensile
modulus as beam theory predicts that bending force should increase as fiber diameter cubed
(Stylianopoulos et al. 2008).
Mechanical testing of 3D cylindrical composite scaffolds demonstrated that the PLGA and
transition regions were mechanically robust, and the aligned PCL section prone to eventual failure
(Fig. A.8,9). This finding differs from tensile tests of 2D meshes (Fig. A.4a) – which indicated
higher ultimate tensile strengths for aligned PCL regions as compared to the randomly oriented
PLGA regions (Table A.1) – and suggests that failure in the cylindrical composites likely occurred
due to stress concentration in the narrower PCL region. Consequently, future efforts will need to
focus on increasing the thickness of the PCL region relative to the PLGA regions, such as by
increasing the PCL solution concentration or the electrospinning duration (Pham et al., 2006b).
Differences in fiber properties can influence the behavior of adherent cells. Previous
studies have shown that adipose-derived stem cells (Xie et al., 2012) and BMSCs (Bashur et al.,
2009) assume polygonal and spindle shaped morphologies on random and aligned fiber meshes,
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consistent with the results from the present study (Fig. A.5,6). Further, Bashur et al demonstrated
that BMSC phenotype is sensitive to fiber diameter, with increased expression of the
tendon/ligament fibroblast marker tenomodulin when BMSCs were cultured on aligned smaller
diameter fibers. While not tested in this study, differences fiber chemistry have also been shown
to affect cell phenotype. For example, statistically significant differences in metabolic activity and
modest differences in expression of the osteoblastic markers osteopontin and BMP-2 were
demonstrated across 2D meshes that transitioned from hydroxyapatite-loaded PCL to polyurethane
fibers (Samavedi et al., 2012). In addition, the incorporation of bioactive factors (e.g., FGF-2
(Sahoo et al., 2010), BMP-2 (Li et al., 2006)) in fibrous meshes has also shown to influence cell
phenotype. Thus, a strategy of incorporating appropriate growth factors into the aligned and
randomly oriented fibers of the 3D cylindrical composites may facilitate development of the
multiple phenotypes present in B-L-B tissues.
A.5

Conclusions

This study demonstrated that 2D meshes with region-wise differences in fiber diameter and
alignment, chemistry and mechanical properties can be fabricated using a dual-drum collector.
The differing alignment in the random PLGA and aligned PCL fiber regions affected the
morphology and orientation of adherent BMSCs. Finally, the 2D meshes were processed into 3D
cylindrical composite scaffolds, which possess the correct shape and approximate dimensions
required for clinical application.
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Appendix B
Aminolysis of electrospun meshes
B.1.

Aminolysis
Aminolysis was performed to produce electrospun meshes containing surface-exposed

amines. Aminolysis is a process that involves nucleophilic attack by diamine molecules on the
backbone of ester (carbonyl carbon) which leads to breakage of an ester bond and results in
formation of an amide –NH2 and a hydroxyl –OH on the polyester surface [1]. Aminolysis of PCL
by 1,6 - hexanediamine and PCL is illustrated below.

Figure B.1 : Reaction schematic demonstrating aminolysis of PCL by 1,6-hexanediamine (HMDA)
[2]. HMDA reacts with the ester bond from PCL and forms PCL-amine and PCL –ol.
B.2.

Aminolysis of electrospun PCL meshes
The electrospun meshes were transferred to a 12 well plate and 1 ml of 1,6

hexamethylenediamine (HMDA) dissolved in isopropanol was added to each mesh. The meshes
were incubated in HMDA for 1 h at room temperature. After 1 h, the liquid was aspirated and the
meshes were washed three times with distilled water. Post washing, the meshes were dried under
vacuum for 48 hours.

129

B.3.

Conjugation of FITC-BSA to aminolyzed meshes
The aminolyzed PCL meshes were incubated twice with phosphate-buffered saline (PBS)

for half an hour each, followed by incubating twice with conjugation buffer (PBS supplemented
with 0.1 M ethylene-diamine tetra-acetic acid (EDTA)) for half hour each. The meshes were
transferred to a new 12 well plate and incubated with 500 µl of a 4 mg/ml solution (DI water and
PBS mixed in 1:1 ratio) of sulfo succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(sulfo-SMCC) for 1 h at room temperature. After 1 h, the linker solution was aspirated and the
meshes were washed twice with conjugation buffer. The meshes were then incubated with 500 µl
of aqueous fluorescein isothiocyanate labelled bovine serum albumin (FITC-BSA) (1 µg/ml)
overnight at 4 °C. Next day, the meshes were washed twice with conjugation buffer and twice with
PBS and dried under vacuum at room temperature for 48 h. Fibers were imaged under phase
contrast and fluorescence using an Olympus IX50 inverted microscope (Opelco, Sterling, VA)
equipped with a cooled CCD camera (Model C4742-95, Hamamatsu, Bridgewater, NJ).
The electrospun meshes were imaged under phase-contrast to confirm the presence of
fibers on glass coverslips (Figure B.2 a, c). However, only the aminolyzed PCL mesh fluoresced
under wide-blue illumination (Figure B.2 d) which indicate incorporation of FITC-BSA within
that mesh. On the other hand, the PCL mesh fluoresced very little under wide-blue suggesting low
amount of non-specific adsorption.
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(A)

(B)

(C)

(D)

30 µm

Figure B.2: Covalent conjugation of FITC-BSA to electrospun meshes. A) Phase contrast image
of sulfo-SMCC treated PCL + FITC-BSA (control-non aminolyzed). B) Fluorescent image of A
under wide-blue filter. C) Phase contrast image of sulfo-SMCC treated aminolyzed PCL + FITCBSA. D) Fluorescent image of C under wide-blue filter.
B.4.

Conjugation of FGF-2 to spin-coated aminolyzed films
PCL (3.5% w/v in dichloro-methane) was spin-coated onto glass coverslips spun at 2500

rpm for 45 s. The spin-coated glass coverslips were dried in a vacuum drier for 24 h, placed into a
12 well plate, and aminolyzed as described previously. Following aminolysis, the coverslips were
transferred to a new 12 well plate. Fibroblast growth factor -2 (FGF-2) of different concentrations
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(20, 100 and 200 ng/ml) were covalently attached to aminolyzed spin coated films via 1-ethyl-3(3-dimethylaminopropyl) carbodiimide and N-hydroxy succinimide (EDC/NHS) chemistry. FGF2, EDC and NHS were dissolved in solution of 0.1 M (N-morpholino)-ethanesulfonic acid (MES)
buffer (pH 5.5). FGF-2 and EDC were combined in molar ratio 1:5 while EDC and NHS were
combined in molar ratio 1:1. One milliliter of this solution was added to respective wells and the
plates were shook for 3 h. The films were then washed twice with PBS. The films were sterilized
and used for cell culture to determine the effect of conjugated FGF-2 on proliferation of cells.
B.5.

Effect of FGF-2 conjugation on cell density
FGF-2 conjugated aminolyzed PCL films were sterilized by immersion in 70% ethanol for

30 min followed by exposure to UV for 30 min. The films were then rinsed with sterile PBS
followed by sterile α-MEM. A suspension of bone marrow stromal cells in culture media (α-MEM
containing 10 % FBS and 1 % antibiotic and antimycotic) was added drop-wise onto FGF-2conjugated films to achieve seeding density of 10,000 cells/cm2. Cells were incubated for 4 days
at 37 °C and under 5% CO2. On the 4th day, the films were removed from glass support and cell
number was determined by picogreen assay as described below. Control groups included bolus
doses of FGF-2 (that were added to the culture medium) and FGF-2 physisorbed to spin coated
PCL films.
Picrogreen assay was used to determine the amount of DNA within electrospun meshes to
determine the effect of different concentrations of FGF-2 on cell number. Briefly, the cell seeded
aminolyzed films were removed from glass coverslips and transferred to sterile micro centrifuge
tubes. Three hundred and fifty microliters of cell digestion buffer (consisting of 100 mM NaCl,
0.5 % sodium dodecyl sulfate, 10 mM Tris-HCl, 25 mM EDTA and 0.1 mg/mL proteinase-K) was
added to each centrifuge tube and they were stored at -80 °C till further analysis. Samples were
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then thawed, sonicated to disrupt the films, and the cells were digested at 55 °C for 4 h. The
samples are centrifuged and the supernatant at 1:20 dilution in 1 × TE buffer (10 mM Tris-HCl
and 1mM EDTA) was mixed with Quant-iT PicoGreen dsDNA reagent (which was diluted at
1:200 in 1 × TE buffer). The fluorescence of the mixture was measured with a plate reader (Spectra
Max M2) and the data was converted to DNA using a set of lambda DNA standards. Cell number
was computed assuming 9 ng DNA per cell (determined experimentally for BMSCs).

Figure B.3: Effect of varying FGF-2 concentration on cell number of BMSCs after 4 days. FGF2 of different concentrations (0, 20, 100 and 200 ng/ml) were incorporated in aminolyzed scaffolds
by physisorption, chemisorption or by adding directly to well (bolus).
Measurements of total DNA indicated increase in cell number with increase in
concentration of FGF-2 (Figure B.3) for all the three groups. However, the cell number appeared
to be least on films with covalent conjugation in comparison with cell number on films with
physical adsorption and cell number on films containing bolus. This might have been resulted
either due to denaturation of FGF-2 while covalent conjugation or due to rapid desorption of FGF-
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2 from the covalent conjugation process because of loss of functional groups from aminolyzed
scaffolds. Therefore, we measured the surface amine concentration using acid orange to confirm
the stability of amine groups on aminolyzed scaffolds under aqueous conditions.
B.6.

Effect of incubation of aminolyzed meshes in PBS on surface amine concentration
Amines on the surface of aminolyzed PCL scaffolds were detected using an acid orange

(AO) test. Briefly, two sets of scaffolds were synthesized. The first set were fabricated by spincoating PCL onto glass coverslips while the second were fabricated by electrospinning PCL onto
glass coverslips. Both types of scaffolds were aminolyzed as described above. The scaffolds were
incubated in sterile PBS at room temperature for 1 and 3 days. On the prescribed time point (day1
or day3), the PBS was aspirated and the scaffolds were then incubated with solution of AO in DI
water (pH =3) overnight. Next day, AO solution was removed and the meshes were washed two
times with DI water (pH =3) to remove non-specifically bound AO dye. The meshes were then
incubated with DI water (pH = 12) to remove the AO dye bound to the scaffolds. The AO
concentration (which is proportional to amine concentration on the surface) of the solution was
determined colorimetrically by measuring absorbance at 485 nm. Absorbance values were
converted to surface concentration using a standard curve of known AO concentrations.
The AO test indicated that the amount of amines on the surface of spin coated films post
aminolysis was 5.7 ± 0.76 nmol/cm2. However, the concentration dropped to 0.7 ±0.089 nmol/cm2
after incubating the spin coated films in PBS for 3 days. A similar trend was observed for
aminolyzed electrospun meshes. This finding is similar to Yang et al’s [2] observation wherein the
concentration of surface amines dropped to 20 % for aminolyzed PCL scaffold after incubation in
PBS for 3 days. This trend may be attributed to either degradation of aminolyzed scaffold or rearrangement of PCL segments which may lead to burying of –NH2 segments inside the matrix [1].
134

Bearing this result in mind, the decrease in cell number of covalent conjugated groups can be
attributed to the loss of functional groups during incubation with media.

Figure B.4: The effect of incubation of aminolyzed scaffold in PBS on surface amine
concentration. A) Surface amine concentration (nmol/cm2) for spin coated aminolyzed films. B)
Surface amine concentration of electrospun aminolyzed meshes. (The meshes were too thin to
weigh and surface area of electrospun meshes could not be determined. Hence the values were not
normalized).
B.7.

Limitations of aminolysis
Apart from loss of functional groups after incubation in PBS or media, aminolysis has

several other limitations. (1) There exists difference in reactivity between polyesters [1]. Hence,
the experimental conditions might need to be optimized for each polymer. (2) Since, aminolysis
occurs at the interface between polyester and amine molecules, it depends on polymer structure
[1] and surface properties [1]). The higher amount of crystallanity of PLLA leads to decrease in
number on amines on its surface in comparison with PCL. Also, higher numbers of amines were
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observed on spin-coated PCL in comparison to electrospun PCL (3) Aminolysis leads to decrease
in surface mechanical properties and bulk mechanical properties (for thin membranes and fibers).
B.8.

Conclusions
Aminolysis leads to grafting of amine groups on the surface of electrospun PCL meshes.

FITC-BSA was conjugated on these meshes using sulfo-SMCC linker. Spin-coated PCL films
were aminolyzed and FGF-2 was conjugated on the surface to promote cell proliferation. However,
the covalently conjugated PCL films were not effective in promoting cell proliferation in
comparison to pysisorbed or PCL films containing bolus FGF-2. This effect is attributed to loss of
functional groups on aminolyzed PCL films post their incubation in media which was
independently confirmed by acid orange test. Apart from this limitation, the limitations associated
with decrease in mechanical properties, and reactivity dependence on surface and bulk properties,
made aminolysis not suitable for further experimentation.
B.9.
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Appendix C
Double ended amine polycaprolactone
C.1

Synthesis of double ended amine polycaprolactone
Polycaprolactone (PCL) containing amines on both ends was synthesized via esterification

reaction (Figure C1). Briefly, PCL di ol (obtained from Sigma, Mw = 70,000) was dissolved in

Figure C.1: Reaction steps to synthesize double ended amine PCL from PCL diol. PCL diol
(a) is reacted with FMOC-glycine in presence of HCTU and DIEA to give an intermediate (b).
The intermediate is reacted with 20% piperidine to yield PCL diamine (c).

dimethyl formamide (DMF) and fluorenylmethyloxycarbonly chloride-glycine (FMOC-glycine),
[(6-Chloro-1H-benzotriazol-1-yl)oxy]-N,N-dimethylmethaniminium

hexafluorophosphate

(HCTU) and N,N-Diisopropylethylamine (DIEA) were added to the reaction mixture. The reaction
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mixture was stirred for couple of days to form an intermediate (Figure C1b). Then piperidine was
added to remove the FMOC group (Figure C1c). The resultant mixture was added dropwise to cold
ethyl ether and the precipitant was dried in vacuum drier to obtain double ended amine PCL
(henceforth denoted as PCL-diamine).
C.2

Electrospinning of PCL diamine
PCL diamine was mixed with 70 KDa PCL in mass ratio (1:4) and dissolved in

trifluoroethanol at concentration of 9 % (w/w). The polymer solution was electrospun at flow rate
of 2 mL/h, 17 kV potential, and throw distance of 17 cm onto aluminum foil. The electrospinning
process was carried out under ambient conditions of temperature at 20 °C and 45 % relative
humidity. Henceforth, this electrospun mesh is denoted as PCL diamine mesh.
C.3

Conjugation of carboxylated rhodamine to aminated-PCL mesh
Electrospun meshes were placed in a well in 12 well plate. Carboxylated rhodamine

(henceforth denoted as rhodamine) was conjugated to electrospun meshes using 1-ethyl-3-(3dimethylaminopropyl) carbodiimide and N-hydroxy succinimide (EDC/NHS) chemistry. Briefly,
rhodamine, EDC and NHS were dissolved in solution of 0.1 M MES buffer (pH 5.5) to achieve a
final concentration of 1 µg/ml of rhodamine. Rhodamine and EDC were combined in molar ratio
1:5 while EDC and NHS were combined in an equimolar ratio. One milliliter of this solution was
added to each well and the plates were shook overnight. Next day, the meshes were washed with
water three times and imaged under wide-green filter. Electrospun PCL mesh containing no PCL
diamine was used as control for this experiment.
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(B)

(A)

10 µm

(D)

(C)

Figure C.2: Rhodamine conjugated to electrospun mesh. A) Phase contrast image of electrospun
PCL mesh (control-non aminated PCL). B) Fluorescent image of A under wide-green filter C)
Phase contrast image of electrospun aminated-PCL mesh D) Fluorescent image of C under widegreen filter
Phase contrast and fluorescent images were collected to confirm the presence of rhodamine
on the electrospun meshes. Both the samples exhibited similar levels of fluorescence under widegreen illumination suggesting either low covalent conjugation to electrospun meshes or high
amount of non-specific adsorption.

139

C.4

Conjugation of FITC-BSA to aminated PCL meshes
Protein-conjugated meshes were prepared by covalently attaching FITC-BSA to PCL

diamine meshes. Briefly, PCL diamine was electrospun onto glass coverslips as described
previously. Fluorescein isothiocyanate labelled bovine serum albumin (FITC-BSA) was
conjugated to PCL diamine meshes using EDC/NHS chemistry as described previously.
(A)

(B)

(C)

10 µm

(D)

Figure C.3: FITC-BSA conjugation to aminated and non-aminated PCL meshes. A) Phase
contrast image of electrospun PCL (control – non aminated PCL) mesh. B) Fluorescent image of
A under wide-blue filter C) Phase contrast image of electrospun aminated PCL mesh D)
Fluorescent image of C under wide-blue filter.
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Phase contrast and fluorescent images were collected for EDC/NHS conjugation of FITCBSA to both aminated PCL and plain PCL fiber meshes (Figure C.3). The presence of similar
levels of fluorescence on both surfaces is consistent with either a low level of covalent attachment
or a relatively high level of non-specific adsorption. The former might reflect a low concentrations
of amines on the surface of the electrospun meshes. The low amount of amines on the surface
could be result of PCL chain re arrangment during electrospinning which might lead to burying of
amines beneath the surface of electrospun meshes. This could possible be solved either by soaking
the electrospun meshes in aqeuous solution or preventing the meshes from drying. Therefore to
test this, acid orange (AO) dye was used to determine the amount of amines on electrospun mesh.
C.5

Preparation of samples for AO test
The amount of amines exposed on the surface of electrospun meshes was tested using AO

dye. Briefly, Aminated PCL and PCL were mixed, electrospun and processed under three different
conditions. The first type of meshes (henceforth denoted as dry meshes) were prepared by
electrospinning the mixture onto glass coverslips and drying it overnight. Prior to AO test, the dry
meshes were incubated in PBS for 2 hours. The second type of meshes (henceforth denoted as wet
meshes) were prepared by electrospinning the mixture onto glass coverslips and immediately
incubating them in PBS for 2 hours without allowing them to dry. After 2 hours, the meshes were
removed from PBS and AO test was immediately performed on them. The third type of meshes
(henceforth denoted as water bath meshes) were prepared by electrospinning the mixture in a water
bath and then immediately incubating the meshes in PBS for 2 hours. After 2 hours, the meshes
were taken out of PBS solution and AO test was performed on them.
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C.6

Acid Orange Test
The surface concentration of amines on the PCL diamine meshes was detected using AO

test. Briefly, amianted PCL meshes were incubated with a solution of AO in DI water (pH =3)
overnight. Next day, AO solution was removed and the meshes were washed two times with DI
water (pH =3) to remove non-specifically bound AO dye. The meshes were then incubated with
DI water (pH = 12) to remove the AO dye bound to the meshes. The AO concentration (which is
proportional to amine concentration on the surface) of the solution was determined
colorimetrically by measuring absorbance at 485 nm. Absorbance values were converted to surface
concentration using a standard curve of known AO concentrations. The final value of surface
amine was obtained after subtracting the background (Background was obtained by performing
AO test on PCL meshes which were electrospun for same amount of time).

Figure C.4: The effect of electrospinning time on surface amine concentration measured by AO
test. The green bars indicate amount of amines on dry meshes. The red bars indicate amount on
wet meshes. The blue bars indicate amount of amines on the water bath meshes.
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The concentration of amines on the surface increased with increase in electrospinning time
for all the groups. It appears that there was no difference between the dry and wet meshes (Figure
C.4). However, electrospinning in water bath increases the amine concentration on the fiber
surface.
C.7

Conclusions
Aminated PCL provides an alternative for creating electrospun meshes containing primary

amines on the surface. Smaller molecules such as rhodamine can be covalently bound to aminated
PCL while larger molecules such as FITC-BSA non-specifically attach to these meshes.
Electrospinning meshes in water bath leads to large number of amines exposed on the surface and
hence this configuration should be preferred. Future experiments, should be performed to improve
the amount of amines exposed on electrospun meshes at shorter times.
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Appendix D
Various avenues for protein delivery in electrospun meshes
D.1

Blend electrospinning protein
Blend electrospinning was chosen for incorporation of biomolecules in electrospun meshes

due to ease of processing. Blend electrospinning involves mixing biomolecules such as protein
within the polymer solution and then electrospinning the mixture. This process localizes the
biomolecules within fiber and hence it may lead to sustained release of the biomolecule [1].
PEO was dissolved in three different solvents – ethanol and water (75:25), α-MEM culture
media with serum and α-MEM culture media without (w/o) serum – at a final concentration of 4%
(w/v). Lysozyme was mixed with each solution for 2 hours to obtain a final concentration of 20
µg/ml. The activity of lysozyme in a mixture of polymer solution was determined to study the
effect of solvent on lysozyme activity. After that, all the solutions were electrospun at 15 kV under
a steady flow rate of 0.3 mL/hr onto 18 mm diameter glass coverslip located 10 cm away from
needle tip. The electrospun meshes were removed from glass coverslips, weighed and then
dissolved in water. The solution containing dissolved meshes was tested for lysozyme activity to
determine the effect of electrospinning on lysozyme activity.
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Figure D.1: Effect of solvent treatment and electrospinning on lysozyme activity. The blue columns
represent the lysozyme activity in polymer solution (before electrospinning). The red columns
represent lysozyme activity post electrospinning. The values were normalized by lysozyme activity
in aqueous solution.
The mixture of ethanol and water decreased the activity of lysozyme from 100% to 25%
while the other solvents maintained lysozyme activity (Figure D.1). These findings are similar to
findings of a study by Madurantakam et al [2] where they observed that common electrospinning
solvents reduced protein’s (BMP-2) activity. Post electrospinning the lysozyme activities dropped
from 100 % to 2% and 6 % for ethanol-water mixture and culture media respectively.
These observations indicate that both the solvent and process of electrospinning can affect
protein’s (lysozyme) activity. The meshes produced by blend electrospinning also exhibits burst
release of biomolecules [3]. Furthermore, it has been shown that incorporation of biomolecules in
electrospinning solution affects mechanical properties of the electrospun meshes [4]. Researchers
have tested emulsion electrospinning as an alternative to blend electrospinning in which an
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emulsion of protein solution is uniformly dispersed in polymer solution and then the mixture is
electrospun [5]. However, process for creating protein emulsification involves homogenization or
sonication which may denature protein [1]. It was hypothesized that electrospraying protein may
provide an alternative to blend electrospinning, since electrospraying can be performed in aqueous
environment and under low voltages.
D.2

Electrospraying lysozyme from PEO solution
PEO was dissolved in α-MEM culture media without serum at concentration of 1.5% (w/v)

and electrosprayed at 8 kV under a steady state flow rate of 0.7 mL/hr on a rotating mandrel
covered with aluminum foil located at a distance of 10 cm. The aluminum foil containing
electrosprayed droplets was immersed in water to dissolve the electrosprayed PEO and lysozyme
activity was analyzed from that solution.

Figure D.2: Effect of solvent and electrospraying on lysozyme activity. The column on the left
represents lysozyme activity in electrospraying solution (PEO + α-MEM) while the column on the
right represents lysozyme activity after dissolving the electrosprayed droplets in water. The
activity of lysozyme was normalized by activity of lysozyme in aqueous solution.
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Lysozyme activity was maintained in culture media (Figure D.2) which is consistent with
observation from the blend electrospinning study. However, post electrospraying the lysozyme
activity dropped to 10%. This observation indicates that there is a need to develop a delivery
vehicle such as microspheres, load protein in them and then electrospin the protein loaded
microspheres.
D.3

Alginate microspheres
To resolve the issues with blend electrospinning and electrospraying, alginate microsphers

were fabricated and electrospun. Alginate microspheres were chosen because of the following
advantages: biocompatibility, high encapsulation efficiency and mild fabrication conditions [6].
Furthermore, the microspheres synthesized from mixture of alginate and alginate sulfate
demonstrated sustained release of heparin binding proteins [7]. These advantages make alginate
microspheres a suitable candidate for tissue engineering applications.
D.3.1 Fabrication of FITC-BSA labeled alginate microsphere
Alginate microspheres were fabricated by emulsion/external gelation protocol [6]. Briefly,
alginate was dissolved in DI water at 3 % (w/v) and mixed with fluorescently labelled bovine
serum albumin (FITC-BSA) for 2 hours. The solution was added drop wise to olive oil stirring at
900 rpm and containing 1 % Tween 80 as surfactant. The emulsion was mixed for 10 minutes,
followed by drop wise addition of 700 mM CaCl2 in ratio 1:1 as the alginate solution. The mixture
was stirred for 15 minutes followed by addition of acetone to cure the microspheres. The mixture
was left for 10 minutes. The microspheres were centrifuged at 4000 × g for 10 minutes. The
supernatant oil was decanted and the microspheres were washed 4 times with acetone to remove
any residual oil. The microspheres were then washed twice with DI water to remove any acetone
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and were dried overnight under vacuum. Microspheres were imaged under wide-blue filter to
determine incorporation of FITC-BSA.
(B)

(A)

40 µm

Figure D.3: FITC-BSA containing alginate microspheres A) Phase contrast image B) Image of A
under wide-blue filter depicting incorporation of FITC-BSA in alginate microspheres
Alginate microspheres with diameter 35 ± 10µm were fabricated (Figure D.3a) using
emulsion/external gelation protocol. FITC-BSA was successfully incorporated in the alginate
microspheres (Figure D.3b).
D.3.2 Electrospinning alginate microspheres
Alginate microspheres were mixed at different concentrations – 10, 25 and 50 mg/ml – in
16 wt % PLGA in trifluroethanol (TFE). Tween 80 was added to mixture, followed by sonication
for 1 minute to disperse the microspheres within the polymer solution. The mixture was
electrospun at 15 kV under a steady state flow rate of 2 mL/hr on a rotating mandrel located at a
distance 15 cm from the needle tip. The electrospun fibers were collected on glass coverslip (18
mm in diameter) and imaged using an inverted microscope.
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(A)

40 µm

(B)

40 µm

(C)

40 µm

Figure D.4: Electrospun mesh containing alginate microspheres. Microspheres concentration in
electrospinning solution A) 10 mg/ml B) 25 mg/ml C) 50 mg/ml
The amount of microspheres in the electrospun meshes increased with increasing the
concentration of microspheres in electrospinning solution. At lowest concentration, the
microspheres were embedded within fibers (Figure D.4a). This finding is consistent with study by
Ionescu et al [8], wherein observed that blending of microspheres with electrospinning solution
led to encapsulation of microspheres within the fibers.

However, as the concentration of

microspheres increased, a blob of polymer solution containining microspheres was sprayed along
with electrospinning the fibers. This process led to formation of meshes containing two different
areas – one area consisting of few microspheres and other area containing lot of microspheres in
polymer blob. It was hypothesized that the difficulty in electrospinning could have arisen because
of the mirospheres size.
D.3.3 Loading of lysozyme in alginate microsphere
Lysozyme was mixed with alginate solution for 2 hours to achieve a final lysozyme
concentration of 15 µg/ml. This solution was used to synthesize microspheres by using emulsion
protocol as explained above. The microspheres were split in two batches. The first batch of
microspheres were dissolved in 100 mM sodium acetate to determine the amount of lysozyme
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loaded in the microsphere. The results indicate that only 20 % of the active lysozyme was
incorporated in the microspheres. The second bathc of microspheres were dispered in PBS to study
the release kinetics of lysozyme from those microspehres. The release kinetics indicated that 99%
of the lysozyme loaded was released in 1 day. This result is consistent with previous studies in
which they observed that alginate gels/microspheres allowed for high diffusion rates of
macromolecules which further led to burst release [9].
The difficulty in electrospinning, poor loading efficiency and burst release of protein made this
microspheres unsuitable for future experimentation. The increase in loading efficiency and
decrease in burst release can be addressed by either incorporating a mineral phase in alginate gel
[10] or coating the alginate gel [9]. It was hypothesized that incorporation of mineral particle
during microsphere synthesis will resolve the issue with size as the process might led to coating
of alginate layer around the mineral particles (and the size of alginate particles will be dictated by
size of mineral) and it will also resolve the issue with release kinetics. Hence alginate microspheres
were modified to incorporate mineral in them.
D.4

Alginate mineral microspheres
β-tri calcium phosphate (TCP) was chosen as the mineral core phase because not only

might it resolve the issues with alginate microspheres it would also help promoting differentiation
of bone marrow stromal cells (BMSCs) towards bone tissue. With this viewpoint, alginate-TCP
microspheres were fabricated to load proteins in them and electrospin them.
D.4.1 Synthesis of TCP based alginate microspheres
TCP was crushed using pestle and mortar and the crushed powder was sieved to collect the
particles with average size of 8µm. Crushed TCP was added to alginate solution and the mixture
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was sonicated for 20 minutes in bath sonicator to break the chunks of TCP. The mixture was then
stirred overnight to disperse TCP uniformly in alginate solution. The TCP-alginate microspheres
were synthesized using emulsion protocol as explained earlier. The microspheres were washed
with acetone 4 times, followed by washing with DI water and dried under vacuum. Alginate-TCP
microspheres around 13 ± 6 µm were fabricated and FITC-BSA was loaded in them in the particles
(Figure D.5 a and b).

(A)

(B)

20 µm

Figure D.5: FITC-BSA loaded alginate-TCP microspheres. A) Phase contrast B) Image under
wide-blue filter demonstrating incorporation of FITC-BSA in alginate-TCP microspheres
D.4.2 Electrospinning alginate-TCP particles:
Alginate-TCP microspheres were added to a solution of 16% (w/w) PLGA in TFE at final
concentration of 25 mg/ml. Tween 80 was added to mixture, followed by sonication for 1 minute
to disperse the microspheres in the polymer solution. The mixture was electrospun at 15 kV under
a steady state flow rate of 2 mL/hr on a rotating mandrel located at a distance 15 cm from needle
tip. The electrospun fibers were collected on glass coverslip (18 mm in diameter) and imaged using
inverted microscope.
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(A)

(B)

40 µm

Figure D.6: Electrospun mesh containing alginate-TCP microspheres. A) phase contrast image.
B) Image under wide-blue filter depicting retainment of FITC-BSA within microspheres post
electrospinning.
Electrospinning alginate-TCP microspheres led to formation of meshes containing two
different areas – one area consisting of few microspheres and other area consisting of lot of
microspheres in polymer blob. This observation is consistent with previous observation with
electrospinning alginate microspheres.
D.4.3 Loading and release of lysozyme from alginate TCP microspheres
The solution of 1% (w/v) alginate and lysozyme was mixed to achieve a final concentration
of 25 µg/ml of lysozyme in the feed. TCP was added to the mixture and alginate-TCP microspheres
were synthesized as explained above. The loading efficiency of lysozyme within microspheres was
determined by dissolving some of the microspheres in sodium citrate. The remaining microspheres
were distributed into two batches to study the release kinetics in presence or absence of sodium
citrate in release medium. The release media was replaced with fresh new media at different time
points and frozen in -20 °C till analysis.
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Figure D.7: Release of lysozme from alginate-TCP microspheres. Blue trace indicates release in
presence of PBS and red trace indicates release in presence of PBS and sodium citrate. The purple
line indicates amount of lysozyme that was encapsulated within the microspheres.
The loading efficiency of these microspheres was only was 8%. Furthermore, the release
kinetics indicated a burst release of 70% in first 12 hours. 99% of the protein was released by the
end of 24 hours.
D.5

Conclusions
Although,

blend

electrospinning,

electrospraying,

alginate

or

algiante-mineral

microspheres can be implemented to deliver proteins within electrospun meshes, these approaches
are limited either due to decrease in activity of proteins, or poor loading efficiencies and difficulties
with electrospinning. Hence, there is a need to create a new delivery vehicle which will overcome
all of these issues. Bearing these results in mind, chitiosan-algiante microspheres were fabricated
and tested for loading and release of FITC-BSA (Chapter 3).
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D.6
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Appendix E
Dynamic Light Scattering Spectrograms
E.1

Effect of varying cation : alginate ratio (CAR) on microsphere size

The microspheres were prepared using 6 mM CaCl2 and high molecular weight alginate.
E.1.1 Microspheres synthesized with CAR – 0.025:
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Figure E.1: Representative DLS spectrogram for PLL-AL microspheres at CAR of 0.25
E.1.2 Microspheres synthesized with CAR – 0.05:
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Figure E.2: Representative DLS spectrogram for microspheres at CAR – 0.05
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E.1.3 Microspheres synthesized with CAR – 0.1:
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Figure E.3: Representative DLS spectrogram for microspheres at CAR – 0.1
E.1.4 Microspheres synthesized with CAR – 0.2:
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Figure E.4: Representative DLS spectrogram for microspheres at CAR – 0.2
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E.1.5 Microspheres synthesized with CAR – 0.4:
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Figure E.5: Representative DLS spectrogram for microspheres at CAR – 0.4
E.1.6 Microspheres synthesized with CAR – 0.8:
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Figure E.6: Representative DLS spectrogram for microspheres at CAR – 0.8
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PLL-AL
CAR

CS-AL

Peak 1

Peak 1

Size

%

0.025

466 ± 27

100 0.22±0.03

0.05

410 ± 30

100 0.18±0.02 1242± 30

93

177± 14

7

0.42±0.04

0.1

396 ± 22

100 0.17±0.01 1087± 155 94

205± 21

6

0.44±0.03

0.2

378 ± 20

100 0.22±0.01 1083± 118 98

5560± 438

2

0.26±0.08

0.4

472 ± 42

100 0.3±0.05

220± 40

13

0.49±0.09

4890± 348

1

0.53±0.09

0.8

–

PDI

Peak2

–

Size

–

%
–

Size

–

853± 83

87

1040± 113 99

%
–

–

PDI
–

Table E.1: Table demonstrating effect of varying CAR on size and poly dispersity index (PDI) of
microspheres
E.2

Effect of varying alginate viscosity on microsphere size

Microspheres were prepared with 6 mM CaCl2 and CAR of 0.1.
E.2.1 Microspheres synthesized with L-alginate (30 Cps)
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Figure E.7: Representative DLS spectrogram for microspheres with L-alginate.
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E.2.2 Microspheres synthesized with M-alginate (250 Cps)
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Figure E.8: Representative DLS spectrogram for microspheres with M-alginate.
E.2.3 Microspheres synthesized with H-alginate (2000 Cp):
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Figure E.9: Representative DLS spectrogram for microspheres with H-alginate
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Alginate

PLL-AL

Type

CS-AL

Peak 1
Size

Peak1
%

PDI

Peak2

Size

%

Size

%

PDI

–

–

0.27±0.17

L type

490 ± 15

100 0.25±0.01

728± 40

100

M type

597 ± 29

100 0.25±0.01

980± 86

93

181± 40

7

0.34±0.08

H type

703± 74

100 0.26±0.04

1087± 155

94

205± 21

6

0.44±0.03

Table E.2: Table demonstrating effect of varying alginate type on size and PDI of microspheres
E.3

Effect of varying CaCl2 concentration on microsphere size

The microspheres were synthesized by using H-alginate and CAR of 0.1
E.3.1 Microspheres synthesized with 3 mM CaCl2
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Figure E.10: Representative DLS spectrogram for microspheres with 3 mM CaCl2
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E.3.2 Microspheres synthesized with 6 mM CaCl2
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Figure E.11: Representative DLS spectrogram for microspheres with 6 mM CaCl2
E.3.3 Microspheres synthesized with 12 mM CaCl2
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Figure E.12: Representative DLS spectrogram for microspheres with 12 mM CaCl2
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E.3.4 Microspheres synthesized with 24 mM CaCl2
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Figure E.13: Representative DLS spectrogram for microspheres with 24 mM CaCl2
E.3.5 Microspheres synthesized with 48 mM CaCl2
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Figure E.14: Representative DLS spectrogram for microspheres with 48 mM CaCl2
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CaCl2

PLL-AL

Concen-

CS-AL

Peak1

tration

Size

Peak1
%

PDI

Size

Peak2
%

Size

%

PDI

3

527 ± 30

100

0.25±0.03 535 ± 25

98

5105± 328

2

0.23±0.02

6

703± 74

100

0.26±0.04 1087± 155

94

205± 21

6

0.44±0.03

12

797± 20

100

0.15±0.02 932 ± 76

96

152 ± 62

4

0.26±0.02

24

862± 134

100

0.25±0.03 885 ± 6

100

–

–

0.21±0.02

48

1334± 151

100

0.26±0.03 967 ± 59

100

–

–

0.25±0.01

Table E.3: Table demonstrating effect of varying CaCl2 concentration on size and PDI of
microspheres
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