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ABSTRACT 
 

Continuous nanostructures, such as electrospun nanofibers, embedded with 

proteins may synergistically present the topographical and biochemical signals to cells for 

tissue engineering applications. In this dissertation, co-axial electrospinning is introduced 

as a mean to efficiently encapsulate and release protein and live entities while producing 

a tissue engineering scaffold with uniaxial topography. In the first specific aim, aligned 

poly (ε-caprolactone) nanofibers encapsulated with BSA and growth factors were 

produced to demonstrate controlled release and bioactivity retention properties. Control 

over release kinetics is achieved by incorporation of poly(ethylene glycol) as a porogen 

in the shell of the fibers. PEG leaches out in a concentration and molecular weight 

dependent fashion, leading to BSA release half-lives that range from 1 -20 days. The 

second specific aim introduces the fabrication of virus and bacterial cell encapsulated 

electrospun fibers to achieve unique biological functionalization. Adenovirus encoding 

the gene for green fluorescent protein was efficiently encapsulated into the core of 

poly(ε-caprolactone) fibers through co-axial electrospinning and subsequently released 

via the porogen-mediated process. Encapsulated bacterial cells were confined to fibers of 

varying core sizes, which provided an aqueous core environment for free mobility and 

allowed the bacterias to proliferate within the fibers.  

In the third specific aim, the differentiation of skeletal myoblasts on aligned 

electrospun polyurethane fibers and in the presence of electromechanical stimulation 

were systematically studied. Skeletal myoblasts cultured on aligned PU fibers showed 

more pronounced elongation, better alignment, upregulation of contractile proteins 

and higher percentage of striated myotubes compared to those cultured on random PU 
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fibers and film. In the last specific aim, the controlled release aspect of co-axial 

electrospun fibers were combined with skeletal tissue engineering to serve as a 

therapeutic implant for the treatment of hemophilia. A non-viral, tissue engineering 

approach were taken to stimulate local lymphatic or vascular system in order to 

enhance transport near the FVIII-producing implants to provide effective and 

sustained treatment for hemophilia A. Stable FVIII-producing clones were engineered 

from isolated myoblasts and cultured on aligned, protein-releasing electrospun fibers 

to form skeletal myotubes. The implanted construct rapidly integrated with host tissue 

and selectively induced angiogenesis or lymphangiogenesis as a result of the 

encapsulated growth factors. Constructs inducing angiogenesis significantly enhanced 

the transport of produced FVIII and achieved hemophilia phenotypic correction over 

two months. The use of co-axial electrospun fibers to serve as controlled delivery and 

tissue engineering construct furthers the continued pursue of a more sophisticated and 

medically relevant implant scaffold design.
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1 INTRODUCTION 

1.1 Organization of extracellularmatrix influences cell fate 

The aim of regenerative medicine is to create biomimetic tissue/organ structure in 

order to restore function to the previously injured parts of the body. In order to do so, 

many tissue engineering approaches attempt to incorporate niches that exist in the 

microenvironment to result in engineered tissue that mimic its natural morphology. These 

niches include spatial/temporal growth factor signaling, extracellularmatrix (ECM) 

geometry/stiffness, cell-cell interactions and application of various types of 

chemical/mechanical stimuli1, 2. These stimulatory niches function synergistically to 

modulate cell fate in stem cells and direct the organization and self-renewal in normal 

tissue2. Engler et al. suggests that variation in substrate stiffness can influence the 

differentiation of human mesenchymal stem cells into osteogenic, myogenic or 

chondrogenic lineages3. Aside from matrix stiffness, matrix topography is also important 

among the niches provided by the ECM, and has been demonstrated to influence cell fate 

through inducing changes in focal adhesion clusters and integrin signaling 4, 5. Aligned 

micro-nano scaled channel patterns have been shown to induce an elongated, aligned 

cellular orientation and modulate cell fate towards the neuronal or myogenic lineage5, 6. 

Therefore, a well-defined, aligned topographical feature will be a great tool to use 

towards tissue engineering applications in which cells in the host tissue exhibit an 

organized orientation. 

 

1.2   Electrospun fibers providing topographical cues  

Over the past two decades, electrospinning has emerged as a popular technique to 
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produce topographical features to modulate cell behavior. During electrospinning, 

electrical forces overcome the forces of surface tension in the charged polymer liquid to 

result in the ejection of the charged jet from the capillary towards a grounded surface7, 8. 

In flight, the polymer solvent evaporates and nanofibers are deposited on the collecting 

surface. Electrospinning enables the production of micro to nanoscaled fibers using an 

array of different materials with a wide range of properties. The flexibility of 

electrospinning allows the selection of material with optimal properties. The produced 

fibers can be used to provide resemblance to the nanotopographical elements in the 

extracellular matrix of tissues9. Electrospun fibers have been applied towards a broad 

range of regenerative medicine applications such as peripheral nerve guides10, 11, skeletal 

and cardiac muscle12-14, blood vessel15, wound healing patches16, cornia regeneration17 

and even the expansion of stem cells18. One of the specific aims of this dissertation is to 

investigate the use of aligned electrospun fibers to guide the differentiation of skeletal 

myoblasts into myotubes. This work will demonstrate that aligned fibrous topography can 

induce the cultured myoblasts to stretch along the uniaxial pattern, upregulating the 

membrane stretch activated ion channels and facilitate the myoblast differentiation 

process12, 19-21. 

Skeletal myoblasts , a population of muscle specific progenitor cells, hold 

attractive therapeutic potential for gene therapy22, 23, hernia repair24-26, myocardium tissue 

engineering27, Duchenne muscular dystrophy related diseases28, 29, erythoropoietin30 and 

hormone therapy31. Normally responsible for the growth, repair and regeneration of 

skeletal muscle, skeletal myoblasts are capable of being expanded and engineered in-

vitro32-35. The isolation of skeletal myoblasts from human patients can be obtained via a 
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simple muscle biopsy procedure and are stable for multiple passages. Expanded skeletal 

myoblasts can be induced to undergo a process of myogenic commitment, cell cycle 

arrest and fusion into multi-nucleated myotubes36. Individual skeletal myotubes have 

long life span, making it possible to serve as a source of continuous protein production37. 

An additional benefit of differentiating myoblasts into myotubes is the natural down 

regulation of MyoD, a master transcription factor of myogenesis. Previous reports have 

suggested the increased engraftment survival of muscle stem cells as a result of the 

reduced expression of MyoD38. The engraftment of myotubes also has the potential for 

faster tissue repair and better host-donor integration over the engraftment of myoblasts, a 

hypothesis that this dissertation attempts to evaluate.  

 

1.3  Fabrication framework for electrospinning 

This section briefly covers the analytical and theoretical framework for modeling 

the processes of electrospraying and electrospinning.  The scaling relations developed in 

the literature are useful in the context of drug delivery as they allow prediction of the 

effects that modulation of solution and processing parameters have on particle and fiber 

geometry. 

 Jaworek and Sobczyk provide a concise summary of the physics governing 

electrospraying 39.  Bulk forces that are important to electrospraying include 

electrodynamic forces (proportional to the electric fields induced by the charged nozzle 

and emitted droplets), gravity, inertia, and drag force (proportional to jet velocity and the 

viscosity of the gas surrounding the jet).  Surface stresses deforming the jet and acting 

against surface tension include electrodynamic stress (proportional to the charge density 
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on the surface of the jet, and on the local electric field), pressure differential across the 

jet-air interface, and stresses due to liquid dynamic viscosity and inertia.  For droplets 

emitted from a Taylor cone-jet, the following scaling relation has been developed:  

 

γσ

ρε

γσ
ρε

α
a
l

a
l

a
l

aaQQ
d 0= , 

 
d: droplet diameter, Q: volume flow rate, ε0: permittivity of free space, ρl: liquid density, 

σl: liquid surface tension, γ1: liquid bulk conductivity, and α: a coefficient depending on 

liquid permittivity.  The remaining coefficients vary with different studies 39: 

 

Authors aQ aε aρ aσ aγ 

Fernandez de la Mora and Loscertales 40    0 0  

Gañan-Calvo 41 and Gañan-Calvo et al. 42      

Hartman et al. 43      

 

This relationship has been experimentally verified for both monoaxial 44 and coaxial 

electrospraying.  One notable exception is the coaxial electrospraying of a charged 

ethylene glycol shell and an uncharged oil core, where a linear dependence of particle 

diameter on flow rate is observed 45.  This is an interesting result in that its deviation from 

the given power law suggests that selective charging of one of the coaxial solutions can 

provide another level of control to achieve desired particle sizes.   

 The creation of fibers by electrospinning occurs in a process similar to 

electrospraying 46.  Electrostatic repulsion at the surface of a drop of liquid exiting a 

small capillary opposes surface tension to deform the drop into a Taylor cone.  If a large 
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voltage is applied to the nozzle, a jet escapes and travels toward a grounded collector.  

Steady-state equations describing the jet diameter, velocity, surface charge density, 

current, and electric field have been developed 47.  These equations reveal that the jet 

diameter is strongly dependent on the surface charge density and the local electric field.  

As charge quickly migrates to the jet surface upon exiting the nozzle both of these 

quantities reach their maximum value, leading to rapid thinning of the jet.  Beyond this 

rapidly thinning region, a scaling relation has been developed to describe the decreasing 

diameter of the jet 46: 

4
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d: jet diameter, Q: flow rate, ρ: fluid density, E∞: applied field strength, and z: axial 

coordinate.  Low flow rates, low fluid viscosities, and high applied field strengths are 

therefore expected to produce the smallest fiber diameters.  He and Liu present a succinct 

discussion of other analytical methods used to model electrospinning 48. 

There is a range of nozzle voltages and flow rates where electrospinning/ 

electrospraying are stable.  High fluid viscosity and density (inertia) slow the 

development of instabilities 46.  The most important instabilities in electrospinning are the 

whipping (for an excellent video refer to 49) and axisymmetric Rayleigh (droplet 

formation) modes 50.  Perturbative stability analysis performed on the thin jet predicts that 

the whipping mode dominates for large surface charge and jet diameters 50.  Selection of 

spinning parameters favorable for the whipping instability is preferred for generation of 

contiguous fibers.  Good fiber contiguity is particularly important in coaxial 
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electrospinning of core-shell fibers for controlled drug release. 

The techniques involved in electrospinning/electrospraying have been discussed 

in detail by excellent review articles 46, 51-53. The emergence of co-axial electrospinning 

has allowed the development of many new designs of functional nano-technological 

materials. Co-axial electrospinning is a simple and rapid technique to produce 

micro/nanotubes 54, 55, drug- or protein-embedded nanofibers 56-58 and hybrid core-shell 

nanofibrous materials 59-64. The greatest advantage of co-axial electrospinning is its 

versatility in the type (hydrophobic or hydrophilic) and size (ranging from 100 nm to 300 

µm) of fibers it can produce. Monoaxial electrospun fibers have been reported to be able 

to incorporate and release antibiotics, drugs and proteins in a sustained manner 65-70. 

However, the distribution and release of drugs from the fibers are poorly controlled. 

Moreover, growth factors and cytokines embedded in polymer matrixes also suffer from 

significant decrease in bioactivity 10, 70. As delivery system for tissue engineering, co-

axial electrospun fibers offer better drug stability, more complete drug encapsulation, and 

tighter control of release kinetics as compared to monoaxial fibers. Co-axial 

electrospinning circumvents technical limitations of monoaxial electrospinning by its 

core-shell design, allowing cytokines and growth factors to be dissolved in aqueous 

solution for encapsulation. Encapsulated lysozyme and platelet derived growth factor-bb 

released from core shell nanofibers have maintained high bioactivity over a period of 1 

month 58, 71. The core-shell design also allows better control over the release kinetics of 

the drug of interest due to an increased number of variable parameters. Changes in the 

shell and core material properties via variation in molecular weight, polymer type and 

addition of porogen can fine-tune the release profile 58, 72. The following sections 
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introduce the methods and parameters involved in co-axial electrospinning, as well as 

describe how varying production parameters can affect the controlled release of drugs. 

The concepts of mono/co-axial electrospinning and electrospraying are similar, 

regardless of variations in experimental setup. Typically, a polymer solution is dispensed 

through a needle using a syringe pump. Usually a high voltage DC supply is connected to 

the needle to provide a charging potential. When the electrostatic force induced by the 

charge potential overcomes the surface tension of the polymer solution, the droplet 

deforms into a Taylor cone 7, 8. From the tip of the cone the polymer solution accelerates 

towards the nearest ground in the form of a jet. During the flight polymer solution is 

subject to shear and bending instabilities while the polymer solvent evaporates. The 

evaporation of solvents during flight, along with polymer concentration and molecular 

weight are the main factors controlling the size and shape of the product. In co-axial 

electrospinning, two needles of different gauge size are arranged co-axially to dispense 

two different solutions concurrently. Depending on the solvents used, the two solutions 

can either mix or phase-separate at the needle. Similar to mono-axial electrospinning, 

electrostatic force induced by the high charging potential shears the core-shell droplet 

into polymeric co-axial fibers. A Taylor cone with core-shell morphology and a gelled 

interface between the two solutions developed during electrospinning 54.  

Polymer type, molecular weight, and concentration are three crucial factors that 

determine the feasibility of electrospinning. The types of polymer amenable to 

electrospinning can be classified by their hydrophilicity. Hydrophilic polymers (e.g. 

polysaccharides) or extracellular-matrix proteins (e.g. collagen and hyaluronic acid) have 

been processed into electrospun fibers by dissolving the polymers in water, strong acids 
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or a mixture of water and polar organic solvents 6, 73-79. Hydrophobic polymers such as 

poly(caprolactone) or poly(lactic-co-glycolic acid) are dissolved in organic solvents 56, 58.  

Changes in polymer concentration and molecular weight affect the viscosity and 

surface tension of the solution, and therefore greatly influence the electrospun product. 

Doshi et al. establish that the ideal viscosity for an electrospinning solution ranges from 

800 to 4000 centipoises 7, 52. This viscosity range is ideal for supporting initial jet 

stabilization and subsequent jet thinning. Solutions below 800 centipoises are too dilute 

to undergo chain entanglement and prone to breakup into droplets 7. On the other end of 

the spectrum, it is difficult for the applied charged potential to overcome the surface 

tension of viscous solutions above 4000 centipoises. Operating within the acceptable 

range of viscosity, it is typical to collect electrospun fibers ranging from 100 nm to 300 

µm in diameter. The diameter of the electrospun fibers correlates directly with both 

polymer concentration and molecular weight. Near the lower viscosity limit, the 

electrospun fibers are more prone to forming micron-sized beads on the fibers 68. The 

upper and lower limits for polymer molecular weight vary greatly, and depend on the 

polymer type and entanglement behavior.  

While the type of polymer determines the type of solvent used in the 

electrospinning process, different solvent properties play a crucial role in fiber formation. 

Three important characteristics of solvents to consider in the co-axial electrospinning 

process are surface energy, volatility, and miscibility. The surface energy of the solvent 

influences the ability of the applied electrical potential to shear the polymer solution into 

electrospun fibers. For example, chloroform (a common solvent for hydrophobic 

polymers) has a surface tension of 26 mN/m, while water (used for hydrophilic polymers) 
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has a value of 72 mN/m. This solvents’ surface tension disparity explains why 

poly(caprolactone) (PCL) dissolved in chloroform can be electrospun more readily as 

compared to chitosan dissolved in water. The high surface tension also causes more 

instability and resulted in a broad range of chitosan fiber diameters 52.  

Solvent volatility is critical in determining whether sufficient solvent evaporation 

can occur in the flight of the fiber between the needle and its designated ground. The high 

boiling point of water (100°C) compared to chloroform (61°C) or dichloromethane (40°C) 

necessitates additional drying for electrospinning of hydrophilic polymers. Insufficient 

solvent evaporation will lead to formation of ribbon-like fibers or fiber fusion 52. On the 

other hand, if solvent volatility is too high then it may lead to the drying of the jet even 

before jet whipping can thin the fiber. This in turn leads to the formation of large 

diameter fibers. Within optimum range of solvent volatility, fiber diameter has an inverse 

relationship with it.  

Electrical gradient is the driving force of the electrospinning process. An 

insufficient electrical charge potential cannot overcome the surface tension of the 

polymer drop to form electrospun fibers. Electrospinning of monoaxial fibers begins to 

proceed at an electrical field above 0.3 kV/cm, and an increasing field strength will 

significantly reduce the fiber size 68. Above 1.2 kV/cm, the increasing field strength 

ceases to have a size-reducing effect and instead introduces more fiber size variability 

due to increasing jet instability 68. Electrospun fibers of polyethylene oxide (PEO) show 

an increase in the extent of beaded-fiber defect when electrospinning is conducted outside 

the range of optimal field strength (between 0.5 to 1 kV/cm) 80. Co-axial electrospinning 

typically can be achieved at similar field strength as monoaxial electrospinning, 
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depending on the solvent miscibility and surface tension of the core/shell solutions.  

 

1.4   Co-axially electrospun fibers to enhance biofunctionality 

Despite the unique merits that come from produced nanotopography, electrospun 

materials as tissue engineering scaffolds experience two main drawbacks: lack of three 

dimensional depth in the regenerated tissue and inability to provide additional 

biochemical/cell signaling cues. Electrospun fibers, with diameters in the 100 nanometer 

scale, result in scaffold pore size less than 1 µm and thus limited cell penetration into the 

scaffold. To enhance uniform cell distribution throughout the scaffold, various methods 

have been employed ranging from adding dissolvable sacrificial materials81, forcing fluid 

flow82 and mixing larger fibers in between nanofibers83. Hashi et al. introduces a notable 

technique of wrapped layers of cell seeded electrospun fibers onto itself, and relying on 

cell deposited extracellularmatrix to develop a multilayer cellular construct15.  

Aside from uniform cell distribution, providing additional biochemical cues to the 

seeded cells or host tissue is important to enhance the cells-substrate-host tissue dynamics. 

To precisely control the delivery of biochemical cues according to functional 

requirements, co-axial electrospinning has been designed to incorporate drug delivery 

function into the nanofibrous meshes58, 84, 85. The greatest advantage of co-axial 

electrospinning is its versatility in the type (hydrophobic or hydrophilic) and size 

(ranging from 100 nm to 300 µm) of fibers it can produce. Monoaxial electrospun fibers 

have been reported to be able to incorporate and release antibiotics, drugs and proteins in 

a sustained manner65-70. However, the distribution and release of drugs from the 

monoaxial fibers are poorly controlled, and growth embedded in such polymer matrixes 
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also suffered from significant decrease in bioactivity10, 70. As delivery system for tissue 

engineering, co-axial electrospun fibers offer better drug stability, more complete drug 

encapsulation, and tighter control of release kinetics as compared to monoaxial fibers. 

Co-axial electrospinning circumvents technical limitations of monoaxial electrospinning 

by its core-shell design, allowing growth factors to be dissolved in aqueous solution for 

encapsulation. The core-shell design provides better control over the release kinetics of 

the drug of interest due to an increased number of fabrication parameters. Changes in the 

shell and core material properties via variation in molecular weight, polymer type and 

addition of porogen can fine-tune the release profiles58, 72.  

Using poly(caprolactone) and poly(methylmethacrylate) (PMMA) as carriers and 

rhodamine 610 dye as a model drug, Srikar et al. investigate the effect of varying polymer 

type (PCL vs. PMMA), polymer concentration (11, 13 and 15%) and molecular weight 

(120, 350 and 996 kDa) 72. As expected, increase in polymer concentration and molecular 

weight both reduces the rate at which the rhodamine dye is released from the fiber. Srikar 

et al. suggest that both increase in concentration and molecular weight increase the fiber 

shell density, thus resulting in a higher controlled release barrier 72. Other groups have 

also reported that the increase in polymer concentration can delay the release of drugs 

such as paclitaxel and tetracycline hydrochloride 56, 86. However, another factor to 

consider is the possible changes in the fiber diameter as a result of alterations in 

concentration and molecular weight, which can be a confounding factor affecting the 

drug release kinetics.  

The strength of the polymer-drug interaction is another variable that greatly 

influences the extent of drug release. Hydrophilicity, charge density, and degradability are 
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characteristics of a polymer carrier that can play roles in its interaction with the drug of 

interest. Srikar et al. report that PMMA has greater affinity to rhodamine dye than PCL, 

leading to a much slower release rate from PMMA than from PCL nanofibers 72. A 

notable variable introduced in their work involves forming PCL (shell)/PMMA (core) 

fibers, and modulating the concentration of PMMA to significantly influence the rate of 

rhodamine being released 72. Kraitzer et al. correlate the degradability of different blends 

of poly(lactic-glycolic acid) (75/25 vs. 50/50 PLGA) and the resulting influence on the 

release kinetics of paclitaxel 85, 87. Increasing the degradation rate by increasing the ratio 

of fast-degrading PGA resulted in a faster release of paclitaxel (80% in 40 weeks vs. 30% 

with 75/25 PLGA). In addition, as with all other reservoir-type systems, increase in 

encapsulated drug concentration leads to a higher diffusive driving force for drug release 

57. Control of drug release by varying polymer-drug interactions can be an empirical 

process, as the degree of interaction varies greatly depending on the types of polymers 

and drugs being used.  

The use of a porogen in the shell phase of core-shell electrospun fibers as a way to 

modulate drug release kinetics have been investigated by several groups 58, 71, 84. 

Polyethylene glycols are interesting for their low cytotoxicity, high water solubility and 

fast in vivo clearance through the kidney. Increase in the amount of incorporated porogen 

leads to significant fiber swelling and pore formation 58, 88. Flow rate ratio and scaffold 

porosity are other parameters that can be changed to fine-tune drug release kinetics. In 

varying the flow rate ratio of PCL (shell) and BSA (core) solutions, Jiang et al. report 

poor encapsulation with flow rate ratio near 1:1 and decreased release rate of BSA with 

reduced core flow rate 71. It can be speculated that increasing the flow rate ratio 
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(shell:core) would lead to a reduction of drug concentration in the core, thus leading to a 

slower release kinetics. Lastly, Zilberman et al. use freeze drying or an inverted emulsion 

technique to increase the shell polymer porosity to facilitate drug release 56.   

 

1.5 Application of co-axial electrospun fibers to treatment of hemophilia 

Hemophilia 

Hemophilia is a group of X-linked recessive genetic disorders that leads to a 

deficiency in blood coagulation ability in the affected patients. Hemophilia occurs once in 

every 5,000 male births, and results in severely increased risk of uncontrollable bleeding 

from common injuries. Hemophilic patients can be categorized by the type of protein 

deficiency (type A: Factor VIII, type B: Factor IX and type C: Factor XI) and the severity 

of their conditions (severe: <1%, moderate: 1-5% and mild: 5-30% of normal FVIII level). 

Currently, hemophilic patients are required to take regular injections of recombinant or 

donor-derived plasma FVIII concentrates throughout their lifetime. The high cost of 

protein concentrates and the inconvenience of frequent intravenous injections drive the 

need for development of gene therapy strategies to treat hemophilia. As a genetic disorder 

model, hemophilia is an attractive target due to the availability of established and 

quantifiable animal models, which facilitate the comparison between different therapeutic 

methods. One important aspect of the treatment of hemophilia is the relatively low 

threshold for success: slight elevation of plasma FVIII level will be able to result in 

substantial reduction in clinical manifestations89-91. Due to the higher occurrence 

frequency (FVIII deficiency represents close to 80% of hemophilia cases) and the 

instability of the large FVIII protein, hemophilia A can benefit most from the gene 
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therapy approach. 

There is a vast amount of literature regarding various gene therapy strategies 

employed to the treatment of hemophilia89, 92, 93. Viral, mRNA mediated, plasmid DNA 

and nanoparticle mediated gene transfer are amongst the proposed therapeutic methods. 

While all the non-viral gene transfer strategies are safe to administer and offer a 

detectable level of phenotypic correction in some cases, they have all shown low and 

transient improvement in plasma FVIII level94-97. Viral gene therapies, on the other hand, 

have shown promising results in pre-clinical studies. Adenovirus are widely utilized at 

the pre-clinical stage, while retrovirus and adeno-associated virus have proceeded to 

phase I clinical trials98-104. In general, adenoviruses are capable of inducing a high level 

of transduction in the liver but result in hepatotoxicity and gradual reduction of transgene 

expression92. The retrovirus study has reported reduced bleeding frequency amongst test 

subjects, but has inconsistent level of FVIII production amongst the 13 recruited 

patients100. Intramuscular delivery of adeno-associated virus (AAV) has been reported to 

be safe but achieved low level of therapeutic effect, a phenomenon attributed to 

insufficient dose99. However, it has been stated that to simply increase the number of 

muscle injections to enhance the therapeutic outcome is clinically impractical89. On the 

other hand, intraportal delivery of AAVs to the liver has shown superior level of 

transgene expression over intramuscular delivery98, 105-107. Such AAV approach has been 

reported to be safe and effective amongst mice, canine and non-human primate models 

108-110. However, in clinical trials, liver-directed AAVs have shown a gradual decline in 

transgene expression over a period of 8 weeks due to cell-mediated immunity towards the 

AAV capsids98, 111. Such modest therapeutic outcome coupled with the potential concerns 
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over patient safety has limited the progress regarding the use of viral therapy towards 

treatment of hemophilia. 

Cell-based therapies have been proposed as alternative treatment methods for 

hemophilia. One important point to distinguish cell-based therapy from gene therapy is 

that the former does not correct for the lack of FVIII production, but to provide a 

sustainable long term source of the deficient coagulation protein. The earliest attempt of 

using a cell-based method is by Roth et al., who employed a non-viral approach to derive 

FVIII-producing fibroblasts from autologous source before implanting the cells back into 

the patients112. Although none of the patients experienced significant increase in the 

plasma FVIII level, cell based therapy approach was shown to be at least well tolerated112. 

Since, there have been increased interests in employing cell based therapy approaches to 

treat hemophilia. Efforts let by Hortelano and Ofosu et al. have injected FIX-producing 

myoblasts trapped in alginate microcapsules into the omentum of the hemophilic mice113-

116. Implantation of a fetal origin myoblasts (G8) resulted in the sustained production of 

FIX over 120 days without development of anti-hFIX antibodies114. However, this 

approach did not translate well to a hemophilia A model due to poor cell survival and the 

limited transport due to the larger protein size116. Isolated endothelial cells and 

endothelial cells derived from induced pluripotent stem cells have been transplanted into 

the liver to result in the phenotype correction of hemophilia A117, 118. In both strategies, 

most of the transplanted mice have reported to have close to 10% plasma FVIII level over 

a period of 2 months. While this is a promising method, intraportal vein injection is 

invasive considering the hemophilic nature of the patients. There are two approaches that 

investigated subcutaneous cell engraftment to treat hemophilia, involving the use of 
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engineered endothelial progenitors or engineered myoblasts119, 120. In both approaches, 

the engrafted cells survived well at the implant site, but only produced transient increase 

in plasma FVIII level due to protein instability and poor protein transport from the 

implant site into circulation120. In this dissertation, we would explore the implantation of 

FVIII producing skeletal muscle construct (engineered on co-axial electrospun fibers) as 

a mean to provide sustained treatment for hemophilia. We hypothesize that it will be 

crucial to improve the protein transport efficiency from the subcutaneous implants in 

order to realize the therapeutic potential of hemophilia A cell-based therapy. 
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2.  SPECIFIC AIMS 

The specific aims of the dissertation are to: 

• Specific aim 1:  Fabrication of co-axial electrospun fibers and controlled 
delivery of therapeutic proteins  

 
This specific aim investigates the co-axial electrospinning of aligned poly(ε-

caprolactone) nanofibers encapsulated with therapeutic proteins for demonstration of 

controlled release and bioactivity retention, respectively. Controllable release kinetics is 

achieved by incorporation of poly(ethylene glycol) (PEG) as a porogen in the shell of the 

nanofibers.  

 

• Specific aim 2: Encapsulation of living entities in the co-axial fibers 

This specific aim introduces the fabrication of virus and bacterial cell 

encapsulated electrospun fibrous scaffold as a novel mean to functionalize the 

electrospun fibers. Due to the presence of an aqueous core environment in the co-axial 

electrospun fibers, it is possible to entrap and engineer the subsequent release of living 

entities. Encapsulation of viral vectors is an attractive alternative mode of applying 

sustained and localized viral gene transfer for regenerative medicine. On the other hand, 

encapsulation of bacterial cells is an innovation mean to create unique microenvironment 

for the entrapped cells. This platform technology enables the development of a smart 

filtration device or an implantable device for long term gene/drug delivery.  

 

• Specific aim 3: Skeletal muscle tissue engineering on aligned electrospun 
fibers 

 
This specific aim examines the differentiation of skeletal myoblasts on aligned 
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electrospun polyurethane (PU) fibers and in the presence of electromechanical 

stimulation. Aligned fibrous structure is ideal for the study of skeletal muscle 

development due to the natural uniaxial feature of skeletal muscle. Of interest is also the 

effect of additional mechanical, electrical, or synchronized electromechanical stimuli 

applied to myoblasts cultured on PU fibers as a design to generate a biomimetic 

microenvironment for engineering of functional skeletal muscle. 

 

• Specific aim 4: Application of skeletal muscle cultured on protein eluting 
fibers towards the treatment of hemophilia 

 
In this specific aim, co-axial electrospinning and skeletal muscle engineering 

technologies are incorporated to create a tissue engineering strategy for the treatment of 

hemophilia. Engineered skeletal myotubes cultured on electrospun fibers w designed to 

stably produce FVIII protein, while the growth factors delivered by the electrospun fibers 

are meant to induce local angio/lymphangiogenesis. The implants are surgically 

introduced into the abdomen of hemophilic mice, and the developing vascular/lymphatic 

networks subsequently enhance the transport of FVIII protein into circulation.  We 

hypothesize that favorable host-donor tissue response, good tissue integration and 

development of vascular/lymphatic networks all play important roles in efficiently deliver 

FVIII from subcutaneous space into circulation. 
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3. Specific aim 1: Sustained protein delivery through aligned core-shell 
nanofibers 

 

Abstract 

Continuous nanostructures, such as electrospun nanofibers, embedded with 

proteins may synergistically present the topographical and biochemical signals to cells for 

tissue engineering applications. Since the production of electrospun nanofibers generally 

involves organic solvents, incorporation of proteins into these fibers has been challenging. 

Co-axial electrospinning, where an aqueous solution can be encapsulated within a 

polymer solution, thus becomes a viable technique to deal with proteins. This specific 

aim presents the co-axial electrospinning of aligned poly(ε-caprolactone) nanofibers 

encapsulated with BSA and growth factors for demonstration of controlled release and 

bioactivity retention, respectively. Control over release kinetics is achieved by 

incorporation of poly(ethylene glycol) (PEG) as a porogen in the shell of the nanofibers. 

PEG leaches out in a concentration and molecular weight dependent fashion, leading to 

BSA release half-lives that range from 1 -20 days. Optimized PDGF-bb-encapsulated 

nanofibers can completely release the protein in a near zero-order kinetics and with 

preserved bioactivity.  
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3.1 Introduction 

The complex process of tissue morphogenesis involves the coordinated delivery 

of biochemical and topographical cues. Recent investigations of stem cell behavior on 

nanostructures have proposed that surface topography and stiffness of underlying 

substrate have profound influence in the differentiation of stem cells1, 3, 20, 121. Likewise, 

nanofibrous meshes can provide nano- topographical cues that stimulate cells in a manner 

drastically different from that non-topographical surface 122-127. Electrospinning, a process 

where a high voltage gradient is applied to shear polymer solution into micro-to-

nanoscale fibers, has become a popular and versatile technique for fabricating tissue 

engineering scaffolds with topographical cues124, 127, 128. For instance, SEM images of 

hepatyocytes cultured on electrospun nanofibers show significantly greater degree of cell-

substrate integration than cells seeded onto films18, 125. Furthermore, electrospun fibrous 

substrates enable preclinical or clinical translations more readily than substrates used to 

investigate cell behavior (e.g. agarose gel or crosslinked polydimethylsiloxane)20, 122. To 

improve the biofunctionality of electrospun fibers, researchers have proposed co-axial 

electrospinning, a setup where an aqueous solution (often containing dissolved drugs or 

proteins) forming the inner jet was co-electrospun with a polymer solution forming the 

outer jet84, 129-132. However, the degree of control over the release kinetics from these co-

axially electrospun fibers has been limited. In our co-axial fiber design, we incorporated 

low molecular weight polyethylene glycol (PEG, Mw 3,400) into the shell of the fibers to 

serve as a porogen for the controlled release of proteins from the core of the fibers. The 

PEG porogen, after its rapid release, leaves behind pores on the scale of a few hundred 

nanometers, a size that is also feasible for the transport of nanoscaled particles.  
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The potential of protein delivery through nanoporous co-axial electrospun fibers 

is investigated in this work. We have focused on poly(ethylene glycol) (PEG) as the 

porogen because it is non-cytotoxic and easily filtered by the kidney at Mw <10,000. It 

has also been applied as a porogen in a poly(ε-caprolactone) (PCL) film. The wide range 

of PEG molecular weights available affords enables the manipulation the nanoporous 

structure of the nanofiber shell. In this study, the characteristics of these biofunctional 

nanofibers are presented with respect to protein release kinetics, bioactivity of the 

released proteins and fiber alignment. Surface morphology changes on electrospun fibers 

as a function of porogen concentration were investigated through scanning electron 

microscopy. The influence of various electrospinning parameters (e.g. flow rate ratio, 

porogen concentration and molecular weight) potentially have profound effect on fiber 

size and feature, thus subsequently govern the control release property of the electrospun 

fibers.  

 

3.2 Materials and Methods 

Co-axial electrospinning conditions 

Poly(ε-caprolactone) (PCL, MW - 65,000, Sigma, USA) was dissolved at 10 % 

(w/v) in 75:25 (v/v) ratio of chloroform: ethanol. Poly(ethylene glycol) (PEG, MW - 

3,400, Union Carbide Corporation, USA) was designated to be the porogen of interest, 

dissolved along with PCL in the solvent. Bovine serum albumin (Sigma, USA, MW 

66318) at 10 mg/mL in distilled water was used as the core solution for initial 

optimization. Protein encapsulation was achieved via co-axial electrospinning (Figure 1). 

Protein dissolved in distilled water was used as the core solution and PCL (10% wt/wt in 
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75:25 v/v chloroform:ethanol) dissolved in chloroform:ethanol was used as the shell 

solution. The two solutions were dispensed through two co-axially arranged needles and 

exposed to high voltage gradient (15 kV) between the needles and a designated ground. 

The voltage gradient would shear the dispensing solution into electrospun fibers with 

core-shell feature. Several electrospinning parameters were important to ensure efficient 

virus encapsulation: the distance to ground was kept at 10 cm, the needle diameters for 

core and shell solutions were 0.83 and 0.15 mm, respectively, and the corresponding 

solution flow rates were set at 1 mL/hr (core) and 6 mL/hr (shell). Alignment of the core-

shell PCL fibers was achieved by using a rotating drum (~2,000 RPM) as the grounded 

target. Fiber alignment can be further enhanced by placing a needle connected to a 

negative power supply was over the rotating drum. Different formulations of PCL and 

PEG (Union Carbide Corporation, MW of 3400 or 8000, and concentrations of 1 or 20 

mg/mL) were studied for subsequent changes in surface morphology and controlled 

release properties.  

Protein encapsulation was achieved by simply using a protein solution as the core 

solution. The electrospinning process was continued until the core solution was 

encapsulated into the cores of the nanofibers, with the theoretical encapsulated amount 

being 1 mg per sample. The electrospinning process was continued until 100 µl of 

recombinant human platelet derived growth factor-bb (200 µg/mL, Cordis Corporation) 

was dispensed to load each scaffold with 20 µg of the growth factor. The average weight 

of the electrospun scaffold after drug loading was 100 µm thick and weighed 5 mg. The 

encapsulation efficiency is defined as the percent of amount of protein detected over the 

theoretical amount of protein that should be encapsulated in the fibrous sample. In a 
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similar fashion, the control release properties of several other growth factors were also 

investigated (Vascular endothelial growth factor A-165 (Prospec bio), vascular 

endothelial growth factor C (R&D systems) and angiopoeitin-2 (R&D systems).  

 

Controlled release studies 

For the protein release kinetics study, fibrous scaffolds (n= 3) were each incubated 

in 2 mL of phosphate buffered solution (pH 7.4) (PBS) solution at 37˚C, without shaking 

or stirring. The supernatant was then removed and replenished with fresh PBS solution at 

predetermined time intervals. The amount of BSA present in the supernatant was 

determined by microBCA protein assay, while the amount of released growth factors was 

analyzed by ELISA assays performed according to the protocol provided by the company 

(R&D systems). To assess the release rate of the porogen from the shell of the PCL 

nanofibers, 20 mg of MW 3400 FITC-PEG (Nektar, 93% degree of substitution) was 

blended into the 10 % w/v PCL solution. The electrospun fibrous scaffold made from this 

formulation was first dried under vacuum for 2 days before incubating it in 2 mL of PBS 

solution at 37̊C. The supernatant was removed and replenished with fresh PBS solution 

at predetermined time intervals. The amount of FITC-PEG present in the supernatant was 

determined using UV spectrometry (Bio-rad) at absorbance wavelength of 495 nm with 

the correction wavelength of at 515 nm. The FITC-BSA loaded PCL fibers were used to 

study fiber alignment and the quality of protein encapsulation.  

The bioactivity of the released PDGF-bb was measured by the induced 

proliferation of NIH 3T3 fibroblast. The fibroblasts (passage 20-25) were cultured in 

Dulbecco’s modified eagle’s medium supplemented with 10% bovine fetal serum (Sigma) 
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and 1 % penicillin:streptomycin. The concentration of PDGF-bb released from the PCL 

fibers (n=3) was first determined using ELISA. The proliferation of 3T3 fibroblasts 

incubated with the addition of 10 ng of PDGF-bb released from the fibers was compared 

with those cultured in medium containing 10 ng/mL of fresh PDGF-bb (positive control), 

as well as those in medium only (negative control).  

The two important physical characteristics of the co-axial fibrous scaffolds were 

the core-shell and nano-porous surface features. These fiber characteristics were 

examined by transmission and scanning electron microscopy (Hitachi HF-2000 and FEI 

XL30 SEM-FEG). To illustrate an open core in the fibers under TEM, 1% w/v uranyl 

acetate in distilled water (Electron Microscopy Science) was encapsulated in the same 

conditions as the encapsulation of virus. The electrospun fibers were then mounted onto 

TEM grids and imaged without additional counterstaining. The core-shell feature of the 

electrospun fibers was also confirmed by first freeze fracturing the fibers in liquid 

nitrogen, followed by mounting vertically for gold coating (thickness of 4 nm, Bal-Tec 

MED 020 sputter coater) and imaging under SEM. The changes in surface morphology of 

the fibers were studied as a function of different porogen concentrations (0, 0.07, 0.7 and 

7.0%). In order to track surface morphological changes, the scaffolds were incubated in 

PBS solution at 37̊C and removed at predetermined time points to be dried under 

vacuum overnight and coated with gold prior to imaging under SEM.  

 

3.3 Results 

The alignment of the fiber deposition pattern was controlled through a 

combination of setup during electrospinning. In all experiments, electrospun fibers were 
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deposited on metallic foils wrapped over a spinning wheel (stationary or rotating at 4,000 

rpm). When the wheel was stationary, the fiber deposition orientation would be random 

(Figure 2 setup 1). This is the default condition during the electrospinning process. 

Accelerating the surface speed of the rotating wheel would result in an improved control 

over the fiber alignment (Figure 2 setup 2). However, that alone was insufficient to 

completely align the electrospun fibers. In Figure 2 setup 3, a metallic ring was added 

around the polymer dispensing needle. The resulted effect was a reduced amount of 

whipping occurring during the electrospinning process and subsequently the deposited 

fibers have greater level of alignment. Finally, a negatively charged (set at -10 kV) needle 

was placed behind the spinning wheel to attract the positively charged electrospun fibers 

(Figure 2 setup 4). As a result, the fibers deposit at a near perfect aligned orientation.  

The core-shell property of the co-axially electrospun fibers were studied using 

scanning electron (SEM), transmission electron (TEM) and confocal microscopy. The 

ratio of flow rates between the core and shell solutions profoundly affected the quality of 

the electrospun product. TEM image of the core-shell product confirmed the cross 

sectional feature along the fiber, but also shows that the location of the core phase may 

not always be fixed at the center of the fiber (Figure 3 A). Under optimized condition (1:5 

core:shell flow rate ratio), the hollow core feature was present in nearly all of the 

electropun fibers (Figure 3 B) as opposed to the cross sectional image of monoaxial fibers 

(Figure 3 C). Cross sectional image of the electrospun fibers produced using 1:3 flow rate 

ratio revealed incomplete encapsulation of the core phase, resulting in a U-shaped cross 

sectional morphology (Figure 3 D). Flow rate ratios between 1:3 and 1:6 allowed the 

formation of stable core-shell Taylor cones and yielded consistent electrospun core-shell 
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fibers. Cross sectional image of fibers produced under these conditions showed complete 

encapsulation of the core phase, with an estimated 90% of the electrospun product 

demonstrating good core-shell feature (Figure 3 E) Additional increase of the shell flow 

rate (ratio from 1:7 to 1:10) did not change the ability of the core-shell solutions to be 

electrospun, but reduced size ratio of the core (Figure 3 F).  

Figure 4 A is a representative illustration of the effect of variation in flow rate 

ratio on the quality of the product. At flow rate ratios less than 1:2 (core-shell), there was 

insufficient shell solution to encapsulate the core solution. The resulting core-shell 

solutions formed pendant drops at the needle and projected only droplets under electrical 

gradient. With increased shell flow rate (flow rate ratios between 1:2 and 1:3), there was 

occasional encapsulation of the core solution into core-shell electrospun fibers, although 

most of the product formed in this condition remained as solution-mixture droplets. 

Figure 4 B summarizes the core and shell size distribution of the electrospun fibers 

produced under different flow rate ratio. Average fiber size maintained around 2 µm 

regardless of flow rate ratio. At 1:5 core:shell flow rate ratio, the average core size was 

around 0.8 µm. Increase in flow rate ratio to 1:8 flow rate ratio reduced the core to 0.4 

µm. Therefore, based on SEM images summarized in Figure 4 C, 1:5 core:shell flow rate 

ratio appears to be ideal for drug encapsulation. 

The drug encapsulation capability of core shell fibers can be illustrated by 

comparing co-axial fibers versus mono-axial fibers in their ability to encapsulate a model 

protein (FITC-BSA). FITC-BSA mixed in with poly-caprolactone (PCL) solution in 

chloroform and electrospun mono-axially showed significant aggregation of FITC-BSA 

throughout the fiber and decreased in fluorescent intensity (Figure 5 A). On the other 
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hand, FITC-BSA distribution within co-axially electrospun fibers was uniform and 

consistent (Figure 5 C), which would lead to more controllable release kinetics. The use 

of ethanol in the shell solution was crucial to improve the miscibility of chloroform and 

water during electrospinning. In the absence of ethanol, confocal image of co-axially 

electrospun fiber encapsulation FITC-BSA showed uneven and segmented distribution of 

the protein compared to the fibers produced with 75:25 chloroform:ethanol ratio (Figure 

5 B). 

The surface morphology and diameter of core shell fibers produced with different 

PCL/PEG blends (PCL, PCL/PEG 0.07%, PCL/PEG 0.7%, PCL/PEG 7% w/v) were 

monitored over a period of 30 days. Fibers without porogen show no evidence of 

swelling, nor detectable change in surface morphology (Figure 6 A, E, I). Fibers 

produced with the formulation of 0.07 and 0.7% PEG show clear pore formation starting 

at day 7 (Figure 6 F and G), as opposed to no pore formation on day 1 (Figure 6 B and C). 

High magnification reveals that the average pore size was approximately 200 nm (insert 

in Figure 6 J) and does not vary significantly in fibers with different PEG concentrations. 

Size of the formed pores also remained unchanged between day 7 and 30 in the PEG 0.07 

and 0.7% groups. At the highest PEG concentration (7%), the fiber surface showed 

significant level of fiber degradation in addition to pore formation (Figure 6 L). It was 

apparent that the degree of fiber swelling and pore formation on fiber surface correlated 

with the concentration of porogen incorporated into the fibers. Incorporation of PEG at 

different concentrations into the fibers had an insignificant initial effect on the diameter 

of the fibers (Figure 6M) prior to incubation. At day 14, fiber produced with 7% wt/v 

PEG exhibit significant swelling (2 µm to 3 µm). Study of the FITC-PEG (MW 3400, 20 



 - 28 -

mg/ml) release showed a complete leaching of PEG by day 5, with a day 1 burst of 

approximately 85% (Figure 6 N).This finding agrees with the SEM images which showed 

pore formation beginning at day 7. 

Figure 7 demonstrates that controlled release of protein can be influenced by 

several parameters. Figure 7 A reports the differences in the release kinetics of PDGF-bb 

encapsulated under the core-shell flow rate ratio of 1:3, 1:5 and 1:8 mL/hr. PDGF-bb 

encapsulated at 1:3 mL/hr ratio experienced a very large initial burst, and the protein 

release speed decreased as the flow rate ratio increased. The release profiles showed a 

close correlation with the cross section fiber morphology; suggesting that the incomplete 

core encapsulation in 1:3 mL/hr condition resulted in a large initial burst, while the 

encapsulated protein in 1:8 mL/hr condition cannot be efficiently eluted out. 1:5 mL/hr 

flow rate ratio was ideal for efficiently delivering protein in a controlled manner over 

period of weeks. Figure 7 B shows that the sustained delivery capability of co-axial fibers 

can be extended to different growth factors (VEGF-C, PDGF-bb, VEGF-A and ANG-2), 

although with significant different kinetics. The incorporation of PEG into PCL 

nanofibers increased the BSA release rate, in a concentration and molecular weight 

dependent fashion (Figure 7 C). We observed from the FITC-PEG release profile (burst 

of 85% at day 1, Figure 6N), SEM images of pore formation on the surface of the 

nanofibers and the increased burst of BSA release (65%) at day 1 that the drug release 

took place in a pore-dependent fashion. The incorporation of porogen, as suggested by 

the changes in the release profiles of BSA, significantly improved the control over 

protein release kinetics. Figure 7 D compares the bioactivity of released PDGF to fresh 

growth factor and demonstrates that the encapsulated growth factor enjoyed excellent 
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preservation of bioactivity, with slight drop in functionality after 20 days post 

encapsulation. To understand whether the same controlled release design can be 

translated into a different polymer carrier, we used polyurethane (PU, CF AL 80A, 

Cardiotech International Inc.) as the controlled protein release carrier and found there 

were insignificant difference in the release of BSA from PCL compared to PU (data not 

shown).  

 

3.4 Discussion 

In this study, the characteristics of co-axial nanofibers studied were protein 

distribution, protein release kinetics with respect to presence of porogen, bioactivity of 

the released protein and fiber alignment. Because the inner solution (BSA in water) isn’t 

electrospinnable and its tendency to spray into droplets, this work introduces the use of 

outer shell polymer to encapsulate the proteins. Therefore, co-axial electrospinning is a 

novel technological platform to control drug delivery while providing surface topography. 

The quality of the controlled release nanofibers was examined through the encapsulation 

of FITC-BSA. The fluorescent images revealed a uniform distribution of BSA, with no 

sign of aggregation and discontinuity of FITC-BSA within the core of the fibers (Figure 5 

C). The encapsulation efficiency (~100%) and the loading level (5% of the fiber weight) 

in this study showed that co-axial electrospinning can significantly improve the protein 

loading ability of electrospun fibers.  

In this specific aim, it is demonstrated that the co-axial electrospun fibers can be 

engineered to be deposited to near perfect alignment. Considering that the electrospun 

fibers followed the pattern of electric field during electrospinning, it is important to apply 
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additional setups to concentrate the electrical jet. The addition of negative voltage to 

negate the buildup of positive charge on the collecting wheel was setup in a similar 

fashion as detailed by Carnell et al133.Therefore, achieving alignment in protein-loaded 

nanofibers can therefore influence cellular orientation through nano-topographical cues 

and enhance cell differentiation and matrix production through biochemical cues 

delivered by the encapsulated growth factor.  

The control of drug release is designed around the properties of PEG, which 

functioned as a porogen in the shell of the protein-loaded nanofibers. Low molecular 

weight PEGs have been shown to be non-cytotoxic, filterable by kidneys and able to 

create pores in the scale of 500 nm134-136. By incorporating PEG into the shell of PCL 

nanofibers to induce pore formation and possibly fiber swelling, we hypothesize that it 

can control the release of the encapsulated proteins in a manner that is independent of 

loading concentration and core diameter. This work and previous literature suggest that 

the core-shell diameter ratio can be a function of the flow rate ratio between the two 

solutions129. The changes in surface morphology and fiber diameter of nanofibers 

produced with different PCL/PEG formulations (3,400 or 8,000) showed that the 

incorporation of PEG increased fiber swelling and produced noticeable pore formation. 

The SEM images revealed that the most noticeable extent of swelling and pore formation 

in the PCL/PEG 3400 composition, while less swelling and pore formation took place 

with the PCL/PEG 8000 blends (Figure 7 C). On the other hand, the lack of swelling and 

pore formation with PCL/PEG 8000 may be attributed to the formation of a true PCL and 

PEG blend, decreasing the effectiveness of the PEG as a porogen (seen in PCL/PEG 

3400). The results demonstrate that the effectiveness of the porogen is dependent on the 
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concentration (20 mg > 1 mg), molecular weight (3400 > 8000). We speculate that the 

PEG 8000 and PCL achieve a true polymer blend, which also decreases the ability of the 

porogen to form pores along the fibers. 

The significance of controlling the rate of pore formation is demonstrated by the 

study of BSA release from different compositions of PCL/PEG fibers. BSA, often used as 

a filler protein or as a porogen in a drug delivery vehicle, can also serve to induce its 

release from the core of the nanofibers (50% on day 40), a finding that agrees with 

previous publications on drug encapsulated nanofibers129. The incorporation of PEG into 

PCL nanofibers increased the BSA release rate, in a concentration and molecular weight 

dependent fashion (Figure 7 C). The FITC-PEG release profile (burst of 85% at day 1, 

Figure 6 N), SEM images of pore formation on the surface of the nanofibers and the 

increased burst of BSA release (65%) at day 1, indicating that the drug release takes place 

in a pore-dependent fashion. The incorporation of porogen, as suggested by the changes 

in the release profiles of BSA, significantly improved the control over the protein release 

kinetics.  

Another significant finding in this work is the preservation of the bioactivity of 

the encapsulated growth factor. PDGF-bb was encapsulated into PCL and PCL/PEG (20 

mg/mL of MW 3400 PEG) nanofibers, with very different release kinetics with/without 

the presence of porogen. This can be attributed to the amount of protein distributed in the 

shell of the nanofibers, which can subsequently leave behind pores and channels in the 

shell after release. Unlike BSA, which can be loaded at a high level, the low amount of 

PDGF-bb in the core limits its partitioning to the shell during the electrospinning. The 

release of such expensive and potent growth factors must therefore rely on pore 
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formation on the fiber surface. The bioassay based on the proliferation rate of NIH 3T3 

cells also revealed the preservation of PDGF-bb bioactivity (Figure 7 D).  

Co-axial electrospinning is shown in this work to be a process that can efficiently 

produce aligned nanofibers with encapsulated proteins. The controlled release of protein 

from the core of co-axial nanofibers first involved the leaching of PEG from the shell of 

the fibers, which induced the solubilization and release of the encapsulated protein. 

Molecular weight and concentration of the incorporated porogen played major roles in 

the rate of protein release. The inclusion of a porogen (PEG) in the shell of the nanofibers 

provided versatility and control in the release of drug of interest, and allows the release of 

protein of interest independent of the core diameter or protein type. To summarize the 

first specific aim, we have demonstrated the feasibility to enhance the functionality of 

electrospun fibers by modulating the protein control release kinetics through addition of 

porogen into the co-axial electrospinning process. 

 

3.5 Conclusion 

Co-axial electrospinning was shown to be an attractive technique to produce a 

tissue engineering scaffold designed to release protein in a sustained and localized 

manner. By introducing PEG into the shell of PCL fibers to serve as a porogen, the rate of 

protein release could be controlled by the molecular weight and concentration of PEG. 

Variation in flow rate ratio between the shell and core solutions also resulted in a 

profound difference in fiber morphology and subsequent controlled release property. 

Such aligned, protein-loaded nanofibers may serve as basic units for the construction of 

aligned and biofunctional scaffolds to facilitate engineering of anisotropic tissues.
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3.6 Figure legends 

Figure 1. Setup employed to produce co-axial electrospun fibers 

The core-shell solutions of interest were dispensed through two co-axially arranged 

needles. When adequate electric field was applied to the solution, the solutions were 

propeled towards the ground collector, shearing the solution into electrospun fibers in 

flight. A needle connected to a negative voltage supply which served to attract the ejected 

fibers is placed above the collecting wheel. 

 

Figure 2. Setups employed to control fiber alignment 

Various setup designs were used to enhance the degree of fiber alignment. The additions 

of a rotating wheel (at 4000 RPM), stabilization ring around the dispensing needle and a 

negative voltage source to draw the depositing jet have incremental effect to the 

improvement of fiber alignment. 

 

Figure 3. Electron microscopy images of core-shell electrospun fibers  

(A) Transmission electron microscopy image of a co-axial fiber using 1:5 flow rate ratio. 

Incorporation of uranyl acetate in the core of the electrospun fiber illustrated the presence 

of a hollow core under TEM. (B-F) Cross sectional SEM images of fibers produced under 

different flow rate ratio. (B) Cross section view of electrospun fibers produced under 

optimal core-shell flow rate ratio (1:5 core:shell flow rate ratio). (C) Cross sectional view 

of fibers produced under monoaxial electrospinning. SEM images of fibers produced 

under variable flow ratio ratio: (D) 1:3 flow rate (E) 1:5 flow rate and (F) 1:8 flow rate 

(core:shell) demonstrate the effect on cross sectional fiber morphology. 
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Figure 4. Illustration of varying flow rate ratio on the core:shell fiber morphology 

(A) Pictorial illustration of the morphology of core-shell electrospun jet during 

electrospinning. (B) Size distribution between the core-shell phases under different flow 

rate ratio. (C) Summarization of electrospinning efficiency under different flow rate ratio. 

 

Figure 5. Confocal images of FITC-BSA encapsulated using various conditions 

Encapsulation of FITC-BSA using monoaxial electrospinning (A), co-axial 

electrospinning with 100% chloroform (B), or 25/75% ethanol/chloroform (C) as shell 

solution.  

 

Figure 6. SEM images tracking pore formation on core-shell fibers 

(A-L) SEM images of co-axial fibers produced with different PCL/PEG formulations 

(PCL, PCL/PEG 0.07%, PCL/PEG 0.7% and PCL/PEG 7%) incubated in PBS solution 

over 30 days. Pore formation on the fiber surface was evident starting at day 7 in all PEG 

formulations (F-H), and higher magnification (insert in panel J) showed that most pore 

diameters are approximately 200 nm. (M) Average fiber diameter as a function of 

polyethylene glycol concentration (% wt./v). (N) Release rate of 20 mg of FITC-PEG 

(MW 3400) from the shell of PCL/FITC-PEG nanofibers. Scale bar: 5 µm. 

 

Figure 7. Controlled protein release from co-axial electrospun fibers 

Factors that influence protein release from co-axial fibers include (A) flow rate ratio, (B) 

encapsulated proteins (VEGF-C,  PDGF-bb,  VEGF-A  and ANG) and (C) porogen 

concentration and molecular weight. (D) The released PDGF-bb collected at different 
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time points has similar bioactivity when compared to fresh growth factor based on 

stimulated proliferation of 3T3 fibroblasts. 
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3.7 Figures 

 

 

 

Figure 1. Setup employed to produce co-axial electrospun fibers 
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Figure 2. Setups employed to control fiber alignment 
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Figure 3. Electron microscopy images of core-shell electrospun fibers  
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Figure 4. Illustration of varying flow rate ratio on the core:shell fiber morphology. 
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Figure 5. Confocal images of FITC-BSA encapsulated using various conditions. 
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Figure 6. SEM images tracking pore formation on core-shell fibers. 
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Figure 7. Controlled protein release from co-axial electrospun fibers. 
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4. Specific aim 2: Encapsulation of biological entities in co-axial electrospun 
fibers 
 

Abstract 

This specific aim introduces the fabrication of virus and bacterial cell 

encapsulated electrospun fibers to achieve unique biological functionalization. 

Adenovirus encoding the gene for green fluorescent protein was efficiently encapsulated 

into the core of poly(ε-caprolactone) fibers through co-axial electrospinning and 

subsequently released via a porogen-mediated process. HEK 293 cells seeded on the 

scaffolds expressed high level of transgene expression over a month, while cells 

inoculated by scaffold supernatant showed only transient expression for a week. RAW 

264.7 cells cultured on the virus-encapsulated fibers produced a lower level of IL-1 β, 

TNF-α and IFN-α, suggesting that the activation of macrophage cells by the viral vector 

was reduced when encapsulated in the core-shell PCL fibers. In demonstrating sustained 

and localized cell transduction, this study presents an attractive alternative mode of 

applying viral gene transfer for regenerative medicine. Encapsulation of bacterial cells, 

on the other hand, serves as a platform technology to entrap living cells inside the co-

axial electrospun fibers. Encapsulated bacterial cells were confined to fibers of various 

core sizes, which offered an aqueous core environment for free mobility. Entrapped cells 

remained viable and the doubling of the bacterial cells was monitored over time. The 

encapsulation of bacterial cells inside co-axial electrospun fibers thus serves as a proof of 

concept technology for cell electrospinning, and potentially has applications in water 

filtration and long term drug/gene therapy applications. 



 - 44 -

4.1 Introduction 
 

Viral gene delivery remains one of the most efficient methods to achieve 

transgene expression for tissue engineering applications, although concerns regarding 

immune response to viral particles persist137, 138. Current viral gene therapy approaches in 

tissue engineering often involve the implantation of in vitro transduced cells with/without 

the use of scaffolds or hydrogels. Retrovirus, adeno/ adeno-associated virus and 

baculovirus are just a few examples of viruses researchers have used to achieve transgene 

expression in applications such as bone repair, cartilage regeneration and wound healing 

137-139. Pascher et al. implanted Ad-GFP modified mesenchymal stem cells in a cartilage 

regeneration model and found transgene expression lasted only for three weeks140. In 

general, the degree of success in viral gene delivery often depends on the types of cells 

and viruses used, the transgene construct, and the delivery method of cells or viruses. 

There are many scenarios where in situ presentation of the viral vector has clear 

advantages over introducing transduced cells. For instance, a recent study shows that 

AAV-Gdf5-loaded freeze dried tendon allograft accelerates the wound healing process 

and improves the extention of repaired metatarsophalangeal joint flexion141. Furthermore, 

the presence of transduced foreign cells can also induce strong inflammatory response 

and limits the success of the intervention. When genetically modified cells undergo 

necrosis, they might induce antigen-presenting cell (APC) maturation and the recruitment 

of T-cells against the foreign cells142, 143. These limitations, therefore, motivate the current 

study to revisit the issue of delivering viral vectors via polymeric carriers. 

The application of polymeric carriers to deliver viral vectors has its share of 

successes and obstacles. Beer et al. are amongst the first to introduce the use of polymer 
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microspheres to extend the delivery of adenovirus to brain tumor targeting144. Although 

the double emulsion technique utilized might have damaged the virus bioactivity, the 

controlled release approach has significantly reduced the immunogenicity of the virus 

and therefore enhanced the effectiveness in gene transfer144, 145. In other carrier designs, 

adenoviral gene vectors dispersed in a fibrin scaffold exhibited a fast decrease in 

bioactivity, although the sustained release still lasted for 8 days146-148. Recent innovations 

in microencapsulation systems have enabled the transgene expression to last up to 7 

weeks in animals injected with adenovirus-loaded microparticles145 . An adeno-associated 

virus coated stent has shown transgene expression up to 28 days with a low level of virus 

dissemination149 . In a material-based immobilization approach, viruses are tethered onto 

functionalized surfaces and reporter gene expression is limited to the vicinity of the 

designed area150-153. In this study, we propose another novel encapsulation system, by 

using co-axial electrospinning to engineer a scaffold to efficiently and locally deliver 

viral vectors.  

The potential of viral gene delivery through nanoporous co-axial electrospun 

fibers was investigated in this work. We have opted to focus on poly(ethylene glycol) 

(PEG) as the porogen because it is non-cytotoxic and easily filtered by the kidney at Mw 

<10,000. It has also been applied as a porogen in a poly(ε-caprolactone) (PCL) film. The 

wide range of PEG molecular weights available affords an opportunity to finely 

manipulate the nanoporous structure of the nanofiber shell. In this study, first generation 

adenovirus (E1/E3 deleted with CMV promoter) was chosen as the model virus because 

it is replication deficient and elicits immune reaction, properties contributing to transient 

transgene expression. Through a porogen-assisted release process from the electrospun 
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fibers, we attempted to prolong and localize the transgene expression in cells within the 

immediate vicinity of the scaffold. Surface morphology changes on electrospun fibers as 

a function of porogen concentration were investigated through scanning electron 

microscopy. The influence of pore formation on the controlled release of adenovirus, the 

cell infectivity of the released virus and the proliferation rate of cells cultured on these 

scaffolds were studied using HEK 293 cells. The localization of cell infection was 

investigated through several different co-culture setups. Lastly, ELISA and scanning 

electron microscopy of macrophage cells cultured on virus-encapsulated fibers were 

performed to characterize, in a simplistic model, how macrophages might respond to a 

virus-encapsulated scaffold.  

In addition to the encapsulation of viral particles, the co-axial electrospinning 

technology can be expanded to the encapsulation of bacterial cells. Though conceptually 

counterintuitive, the uses of bacterial cells as filtration device and therapeutic agents are 

made possible due to advanced developments in the design of gene circuit in the bacterial 

cells. Bacterial cells can now be engineered to execute functions introduced to the cells 

via gene circuit design. Through the introduction of a population control circuit, bacterial 

cells have been shown to be able to monitor their own population size by activating 

controlled killing154. The same gene circuit concept can be translated to regulate the 

production of therapeutic agents via the sensing of environmental signals155.  Therefore, it 

is not so inconceivable to design bacterial cells to sense and detoxify water filtrate or 

produce the necessary therapeutic agents when implanted in vivo. 

Electrospun fibers have been suggested to be effective as a filtration device for 

water or air purification156-158. Electrospun fibers offer very high surface to volume ratio 
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as a membrane, and thus potentially can allow rapid exchange of toxic compounds 

between the fibers and filtrate. Previous works has shown that electrospun fibers can be 

used to separate various size particles or copper(II) from the filtrate156,157. The concept for 

entrapped bacterial cells is via its gene circuit, to sense potential toxins in water and 

produce agents to detoxify. On the other hand, engineering of bacterial cells as an 

implantable device for long term therapy is a concept that emerged in the recent years. 

Bacterial cells as therapeutic agents have been suggested in the area of cancer therapy to 

selectively target cancer cells and deliver therapeutic proteins or even siRNA as a mean 

of cancer therapy 159-161. Bacterial cells can also be used as vectors for therapeutic, 

preventive agents, vaccination, protein or gene delivery162. To enhance the safety and 

long term therapy potentials, it is crucial to design a system to house the bacterial cells. 

Thus, co-axial electrospun fibers can serve to confine engineered bacterial cells, 

protecting it from the immune systems while providing a mean to safely introduce them 

in vivo. In this specific aim, the co-axial electrospun fiber technology is developed as a 

platform to expand the use of bacterial cells as living systems for drug delivery or water 

purification purposes. 

 

4.2 Materials and methods 
 
Materials 

Poly(ε-caprolactone) (PCL, Mw - 65,000, Sigma, USA) was dissolved at 10 % 

(w/v) in 75:25 (v/v) ratio of chloroform: ethanol. Poly(ethylene glycol) (PEG, Mw - 3,400, 

Union Carbide Corporation, USA) was designated to be the porogen of interest, dissolved 

along with PCL in the solvent. Two types of adenovirus (type V, E1/E3 deleted, encoding 
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for green and red fluorescent protein, respectively) were purchased from Vectorbiolabs, 

USA. Virus purification and quantitation kit (ViraBind Adenovirus Purification Kit and 

QuickTiter Adenovirus Quantitation Kit from Cellbiolabs, USA) were used to purify and 

quantify virus titer. Goat anti-adenovirus -fluorescein isothiocyanate conjugate 

(Fitzgerald Industries Internationals Inc, USA) was used at a dilution of 1:100 to label the 

encapsulated adenovirus. Minimum essential medium (MEM with Earl’s salt and 

glutamine, Gibco, USA) supplemented with 10% fetal bovine serum (Mediatech, USA) 

and 1% penicillin/streptomycin was used as cell culture medium. HEK 293 cell 

proliferation was determined by using cell proliferation reagent WST-1 (Roche Molecular 

Biochemicals, USA) according to manufacturer’s protocol.  

Virus encapsulation was achieved via co-axial electrospinning (Figure 1). Viruses 

dispersed in Minimal Essential Medium (MEM) with 0.1% bovine serum albumin was 

used as the core solution and PCL dissolved in chloroform:ethanol (10% wt/wt in 75:25 

v/v chloroform:ethanol) was used as the shell solution. The two solutions were dispensed 

through two co-axially arranged needles and exposed to high voltage gradient (15 kV) 

between the needles and a designated ground. The voltage gradient would shear the 

dispensing solution into electrospun fibers with core-shell feature. Several 

electrospinning parameters are important to ensure efficient virus encapsulation: the 

distance to ground was kept at 10 cm, the needle diameters for core and shell solutions 

were 0.83 and 0.15 mm, respectively, and the corresponding solution flow rates were set 

at 1 mL/hr (core) and 6 mL/hr (shell). Viral particles (108 IFU/PFU/mL) were dispersed 

in 100 µl core solution, and electrospinning was continued until the core solution was 

completely encapsulated into the electrospun fibers. The electrospun product had a 
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dimension of 1.5 cm x 10 cm strip, and cut into individual sample size of 1.5 cm x 1 cm 

(106 IFU/PFU/sample). The samples were sterilized overnight in phosphate buffered 

saline solution (PBS) with 10% fungizone and penicillin/ streptomycin. Fibrous scaffolds 

with different PEG concentration (0, 0.07, 0.7 and 7%) in the PCL solution were prepared 

under identical conditions. To verify that the adenovirus had been efficiently encapsulated 

and uniformly distributed in the fibers, the viral vectors (108 IFU/PFU/mL) were 

conjugated with anti-adenovirus-FITC (1:100 dilution) prior to encapsulation. The 

labeled viral vectors were filtered through a 0.45 µm filter and washed with PBS solution 

to remove excess amount of FITC solution. The viral particles were then eluted with 25 

mM Tris buffer, and encapsulated as described. 

 

Sustained viral particle release studies 

 HEK 293 cells (passage 17-25) were used as the model cell type and cultured in 

complete MEM solution. Controlled release kinetics of adenovirus and subsequent 

transduction efficiency were studied as a function of PEG concentration (0, 0.07, 0.7 and 

7%) in the fiber formulation. Virus-encapsulated scaffolds (106 IFU/PFU/ sample, n = 3) 

were incubated in 1 mL of medium at 37 ˚C and 5% CO2. Controlled release of the 

adenovirus was studied by removing and replenishing the supernatant at predetermined 

time points (Day 7, 14, 21, 28 and 35). The viral titer in the supernatant solutions was 

determined by performing end point dilution assay. The percentage of cumulative virus 

release over time is estimated by dividing the cumulative amount of virus release 

determined by end point dilution assay over the initial quantity of virus loaded into the 

inner syringe. Since 100 µl of adenovirus (108 IFU/PFU/mL) solution was encapsulated 
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into a 1.5 cm x 10 cm strip and the strip were then cut into 1.5 cm x 1 cm dimension, 

each sample was estimated to contain 106 IFU/PFU.  

Cell transfection from the released virus was performed by incubating 5 x 105 

HEK 293 cells (n = 3) cultured on tissue culture grade polystyrene (TCPS) (Corning) 

with supernatant collected from virus-encapsulated scaffold. After an overnight 

incubation, the viral supernatant was replaced with regular medium and the culture 

continued for 7 days. The maximum estimated virus to cell ratio is 2 IFU/PFU/cell. Cell 

transduction rate was determined by flow cytometry (BD FACScan Flow Cytometer, BD 

Biosciences). At predetermined time points, cells were washed 3 times with phosphate 

buffered saline and trypsinized with 0.25% trypsin. The cells were placed in FACS tubes, 

centrifuged (5 min, 1000 rpm) and resuspended in 0.5 mL PBS. The percentages of GFP-

expressing cells (excitation/emission wavelengths at 488 nm/520 nm) was determined by 

counting 10,000 cells in each measurement and averaged over three measurements. In a 

variation of the controlled release study, we evaluated how the virus-encapsulated 

scaffold transduced cells seeded on the scaffold. Virus-encapsulated scaffolds (n = 3 for 

every time point) were incubated in medium and removed for cell seeding at 

predetermined time points (Day 1, 7, 14, 21 and 28). A suspension of 5 x 105 293 cells in 

100µl of medium was seeded onto the scaffold and incubated for 1 hour to allow cell 

attachment. The scaffolds were then transferred into new wells and cultured for 7 days. 

The cell seeding efficiency was approximately 80% in all conditions. At predetermined 

time points, cells were trypsinized off the scaffold with 0.25% trypsin and 100 µg/mL 

collagenase I for 1 hour. The isolated cells were then centrifuged, resuspended in 0.5 mL 

PBS and analyzed using flow cytometry as described above.  
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The cell proliferation rate on the virus encapsulated scaffolds was studied by 

culturing 5 x 105 293 cells on scaffolds (n = 3) produced with different formulations (0, 

0.07%, 0.7%, and 7% PEG). A set of blank PCL scaffolds was used as positive controls. 

WST-1 proliferation assay was performed at day 2, 4, 6 and 9 (Roche Molecular 

Biochemicals). The absorbance levels of the supernatants were measured with a 

microplate reader (Fluostar optima, BMG labtech) at 450 nm and adjusted for the 

background absorbance of the medium. The reported WST-1 absorbance values of the 

293 cells cultured on virus-encapsulated scaffolds were normalized to the value based on 

cells cultured on blank PCL scaffold at each time point.  

 Based on the cell infection studies carried out on cells seeded on the virus 

encapsulated scaffold, it was hypothesized that there could be a localized transfection 

effect when viral particles were encapsulated and slowly released from the fibers. The 

ability of the virus-encapsulated scaffolds to localize cell infection was then investigated 

in vitro through three culture configurations. In the first setup, scaffolds (0.7% PEG 

formulation) encapsulated with 106 IFU/PFU, but without cells, were placed on a 

transwell membrane (3 µm pore size) with a monolayer of 5 x 105 cells cultured at the 

bottom of the well. The transwell configuration prevented direct contact of the virus 

encapsulated scaffold with the bottom cell monolayer. At day 5 the cells were trypsinized, 

resuspended in PBS and analyzed with flow cytometry for GFP-expressing cells. In the 

second setup, virus-encapsulated scaffolds were first seeded with 5 x 105 HEK 293 cells, 

then transferred to a 3 µm Transwell, and cultured with a monolayer of 5 x 105 HEK 293 

cells at the bottom of the well. To examine if transfection would extend beyond the 

vicinity of the cell-seeded scaffold, the bottom monolayer of cells were trypsinized on 
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day 5 and analyzed by flow cytometry. The third setup consisted of co-culturing two 

types of scaffolds (GFP-CMV-AV and RFP-CMV-AV, each with 106 IFU/PFU) separated 

by a Transwell membrane. 5 x 105 cells were seeded on each of the scaffolds and cultured 

for 5 days, at which point the scaffolds were fixed in 4% paraformaldehyde, 

counterstained for cell nuclei with DAPI (4,6- diamidino -2- phenylindole, 

dihydrochloride, Invitrogen) and imaged with a fluorescence microscope (Nikon 

TEU2000), using excitation/emission wavelengths at 488/520 nm and 568/590 nm for 

cells transfected with GFP and RFP, respectively. 

 

Activation of macrophage cells 

 RAW 264.7 cells were chosen as the model cell line for assessment of 

inflammatory cytokine production by macrophages towards the virus-encapsulated 

fibrous scaffold. RAW 264.7 cells were seeded on the virus-encapsulated scaffolds (106 

IFU/PFU/mL of GFP-CMV-AV, in PCL and PCL/PEG 0.07% formulation fibers) at a 

concentration of 15,000 cells/cm2. On days 1, 3, 4 and 6, ELISA assays were performed 

on the medium supernatant. The cytokines analyzed included the pro-inflammatory 

cytokines IL-1 β and TNF-α (Peprotech, Rocky Hill, NJ) and the anti-viral cytokine IFN-

α (PBL laboratories, Piscataway, NJ). The level of cytokine production was compared to 

macrophage cells cultured on TCPS exposed directly to 105 and 106 IFU/PFU/mL viruses 

and no virus negative control groups. In addition, the macrophage morphology was 

viewed using SEM for indication of inflammation. At day 6, the cell-seeded scaffolds 

were fixed in 4% paraformaldehyde, dehydrated serially in ethanol followed by 

hexamethyldisilazane (Sigma, USA), coated with 4 nm of gold and viewed under SEM. 
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Bacterial cell encapsulation studies 

 GFP bacterial cells were obtained as a gift from Dr. Ling-Chong You’s lab. The 

bacterial cells were cultured in Luria-Bertani Medium supplemented with 1% ampicillin 

to create a starter culture. From the starter culture, the concentration of the encapsulated 

bacterial cells was measured by quantifying the fluorescent absorbance value of the 

culture. The encapsulation of bacterial cells within nanoscaled core-shell fibers was done 

in a similar fashion as the viral particle encapsulation (10% wt/wt PCL solution in 

chloroform:ethanol, 1:5 core:shell flow rate ratio). In order to create fibers with much 

larger core size, the shell solution used was switched to 20% wt/wt. PCL solution in 

dichloromethane. The core solution of bacterial cells in LB medium was mixed in a 1:1 

ratio with 1% poly(ethylene oxide) (MW ~300,000, Sigma) to facilitate the create of a 

larger core. Other electrospinning conditions were kept the same as the encapsulation of 

viral particles, while flow rates of the core and shell solutions were varied to create larger 

fibers. The tracking of bacterial cell encapsulation, movement and growth were done 

using a fluorescent microscope (Nikon) and ImagePro software.  

 

4.3 Results 

Sustained viral delivery 

In order to control the delivery of viral vectors through electrospun fibers, it is 

important to first establish that they are well encapsulated within the fibers. Figure 1A is 

the schematic of the co-axial electrospinning setup, where viral particles in DMEM was 

loaded as the core solution and encapsulated within the electrospun fibers. Cross section 

of the electrospun fibers confirmed the presence of a core-shell feature (Figure 1 B).  In 



 - 54 -

Figure 1 C-D, FITC-labeled adenoviruses are uniformly and efficiently encapsulated 

throughout the virus-encapsulated fibers. Fibers encapsulating non-labeled virus do not 

display detectable autofluorescence. Virus-encapsulated fibers have similar size as those 

encapsulated with BSA or uranyl acetate. 

To evaluate how well the virus-encapsulated electrospun fibers serve as a cell 

transducing scaffold, we focus on four parameters: controlled cumulative release of 

adenovirus (Figure 2 A), cell transduction from scaffold supernatant (Figure 2 B), cell 

transduction when seeded on the scaffold (Figure 2 C), and cell proliferation when 

cultured on the scaffold (Figure 2 D). End point dilution assay based on the scaffold 

supernatant suggests that the controlled release of the adenovirus follows a PEG 

concentration-dependent trend. Close to 100 % of the adenovirus was released from the 

7% PEG samples while the total amount release in the 0.07 and 0.7% PEG samples 

remained around 40% (Figure 2 A). PCL scaffold without pores on the shell of the fibers 

shows negligible amount of virus released into the supernatant (Figure 2 A). Different 

shell formulations (10% wt. PCL with 0, 0.07, 0.7 and 7% w/v of PEG) were studied to 

correlate pore formation with cell transduction ability. When HEK 293 cells were 

exposed overnight to the scaffold supernatant, close to 90% cells were transfected in the 

first two weeks, followed by a drastic drop to 0% in subsequent weeks (Figure 2 B). 

Lower transfection was seen in the 7% PEG vs. the 0.07% and 0.7% groups in the first 

time point (Figure 2 B). PEGylation of adenovirus vector have been reported to cause a 

slight drop in transfection activity163, thus, it can be speculated that the polyethylene 

glycol rich condition may contribute to the drop in transfection efficiency. Transduction 

was only seen in the first week in the 7% PEG formulation, a finding that suggests a 
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complete release of encapsulated viral particles might have occurred. In the 0.07% and 

0.7% PEG formulations, higher transduction rates were maintained over a longer period 

of time compared to the 7% PEG formulation (gray square, Figure 2 B). The non-porous 

virus-encapsulated PCL scaffold exhibited a low level of cell transduction throughout the 

culture period (Figure 2 B). In all PEG formulations, the seeded cells expressed a high 

level of transgene expression for over 1 month (Figure 2 C), while the non-porous PCL 

formulation had a minimal level of transgene expression. The higher levels of transgene 

expression of cells cultured on the virus-encapsulated scaffold compared to cells 

transduced by the scaffold supernatant indicates that the viral vector delivery to the 

attached cells was more efficient. This is consistent with the reported superiority of 

substrate-mediated delivery of nonviral gene vectors to seeded cells164. To determine 

whether the encapsulated virus would limit seeded cell growth, the proliferation rate of 

cells seeded on various PEG formulations was evaluated over 1 week using the WST-1 

assay. The absorbance readings were normalized to the corresponding non-virus 

encapsulated PCL control (PCL blank). The results suggest a general trend of reduced 

cell proliferation in the virus- encapsulated scaffold compared to the PCL blank (Figure 2 

D). 

The ability of the electrospun fibers to localize the cell transduction was evaluated 

through a set of co-culture experiments and characterization by flow cytometry. When 

virus-encapsulated scaffolds (106 IFU/PFU/scaffold, 0.7% wt. PEG) were pre-seeded 

with HEK 293 cells (5 x 105 cells/scaffold) and co-cultured for 5 days with a monolayer 

of the same cell type (5 x 105 cells/well) separated by a 3 µm pore size transwell 

membrane, the monolayer exhibited close to 0% transduction (Transwell with cells, lower 
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schematic, Figure 3 A), while 97% of the pre-seeded cells were infected (scaffolds, lower 

schematic, Figure 3 A). As a comparison, when the same virus-encapsulated scaffold 

without cells was co-cultured with the transwell monolayer, approximately 10% of the 

cells in the bottom chamber were positively transfected (transwell without cells, upper 

schematic, Figure 3 A). Cell transduction seems to occur locally to cells in close 

proximity to the fibers, as suggested by the drastic difference in transgene expression in 

the cells seeded on the scaffold (97% transfected) versus the monolayer culture (0.15% 

transfected) .The phenomenon was further investigated with an escalation of viral titer 

(104 to 107 IFU/PFU/scaffold). The cell transfection data suggest that the localized 

phenomenon holds true when the encapsulated viral titer is below 107 IFU/PFU/scaffold, 

at which point 70% the bottom monolayer is also transfected despite pre-seeding the 

scaffolds with cells (Figure 3 A). This hypothesis was further tested by seeding cells onto 

two scaffolds, each encapsulating different viral vectors (Ad-CMV-GFP and Ad-CMV-

RFP) and separated by a 3 µm Transwell membrane. Fluorescence microscopy images 

shown in Figure 3 B-C reveal that the cell transduction was specific to local release by 

the underlying fibers with very little cross transduction. There was no co-expression of 

the two reporter genes within the same cell, which would have been indicated by a yellow 

signal resulting from the co-localization of GFP and RFP). Together, these findings 

confirm the desired effect of localized cell transduction by virus-encapsulating scaffold.  

As an in vitro model to estimate any alteration of acute inflammatory response to 

the viral vectors, macrophages (RAW 264.7 cells) were cultured on virus-encapsulated 

scaffold and evaluated for activation by studying their cell morphology and their 

corresponding inflammatory cytokine production. SEM images of the macrophages 
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seeded on the PEG-incorporated fibers (106 IFU/PFU/mL/scaffold, 0.7% wt. PEG) 

indicate an activated macrophage, characterized by spread out morphology and ruffled 

edges (Figure 4 A). In comparison, on a blank, non-porous PCL fibrous scaffold, the 

RAW 264.7 cell retains its inactivated, rounded native morphology (Figure 4 B). To 

measure the phenotypic response of macrophage to viral presence, the pro-inflammatory 

cytokines (IL-1 β and TNF-α) and the anti-viral cytokine IFN-α were measured. All three 

cytokines secreted by the macrophages seeded on the virus-encapsulated scaffold (closed 

circle, Figure 4 C) are lower in magnitude compared to the cells exposed directly to the 

full titer of virus in the supernatant (triangle). In comparison, macrophages cultured on 

blank PCL fibers (diamond, Figure 4 C) show a baseline level of cytokine production. In 

this model, the findings suggest that the sustained release of the viral vectors reduced the 

level of acute inflammatory cytokine secretion compared to the freely dispersed viruses 

in the supernatant. 

 

Bacterial cell encapsulation  

 Figure 5 is a panel of green fluorescence and brightfield images tracking the 

survival of GFP bacterial cells trapped within nanosized co-axial fibers. The number of 

detectable GFP cells dropped from day 1 to day 3, and by day 14 there was almost no 

GFP cells left inside the electrospun fibers. Based on the survival of some cells between 

day 1 and 3, it is likely that the bacterial cells survived the electrospinning process but 

were trapped in a polymeric matrix which offered no nutrient support. Therefore, in order 

to enhance the survival and growth of the bacterial cells, the co-axial fibers were 

reengineered to offer large enough aqueous core in order to provide adequate nutrient 
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transport. Figure 6 summaries the result of larger core size in terms of the encapsulation 

of bacterial cells. Using a much higher flow rate (while maintaining the same core:shell 

solution ratio), the bacterial cell encapsulated fibers were engineered to have core sizes 

up to 60 µm. In Figure 6 C-D, it is clear to see multiple bacterial cells trapped in a 

relatively spacious environment, as opposed to being encased individually in a polymeric 

matrix. Figure 7 tracks the motion of the encapsulated bacterial cells over 50 seconds. 

The bacterial cells appeared to swim in random motion within the core of the fibers, but 

were retained within the core. To demonstrate that the bacterial cells can thrive within the 

core of the fibers, figure 8 is a 2 hour time-lapse video of the growth of GFP cells trapped 

inside a fiber. The encapsulated bacterial cells quickly proliferated within 2 hours and 

densely populated the fiber. However, after 1 day there was significant number of 

bacterial cells outside of the electrospun fiber, indicating that either the cell encapsulation 

process is imperfect or the bacterial cells have escaped out of the fibers. 

 

4.4 Discussion 

Co-axial electrospinning has been shown in this work to be an interesting 

approach to create a tissue engineering scaffold capable of prolonging and localizing cell 

transduction. The attractiveness of this design lies in its simplicity, that adenovirus is 

exposed to the cells only when pores are formed on the fiber surface, as opposed to 

dispersing the viral vectors throughout the scaffold. The co-axial electrospinning design 

is capable of reducing virus dissemination and its corresponding inflammatory cytokine 

secretion, as well as localizing the effect of viral transduction. The inflammatory cytokine 

production of RAW 264.7 cells only provides a rudimentary prediction of acute immune 
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response to the scaffold. Future studies involving in vivo implantation will be needed to 

evaluate the potential benefit of reduced immune response due to sustained delivery of 

the viral vectors. The viral vectors chosen for this experiment provide a proof-of-concept. 

The pore-induced releasing technology should be even more promising for the newer 

generation of viral vectors that are more potent and less immunogenic165, 166. In summary, 

co-axial electrospinning offers a technology that encapsulate virus at very high efficiency, 

and is also capable of releasing viral particles locally to prevent uncontrolled systemic 

virus dissemination. 

Future advancement in this area can consider studying the cell-substrate behavior 

in the presence of porogen. In this work, PEG isn’t grafted onto the PCL polymer but 

instead is mixed into the PCL solution, eliminating brush effect formed by the PEG to 

inhibit cell attachment. However, cells seeded on the scaffold may possibly experience 

dynamic surface properties. It is also interesting to apply the aligned drug-loaded 

nanofibers as anisotropic scaffolds to manipulate cell orientation and alignment. With its 

ability to achieve diverse and synergistic delivery of biochemical and topographical 

signals, co-axial electrospinning represents a powerful technique to advance the field of 

tissue engineering and regenerative medicine.  

 Encapsulation of bacterial cells within electrospun fibers have been demonstrated 

by previous studies167-169. The published works have similar results reported in Figure 5, 

where the bacterial cells were trapped inside a polymeric matrix and no growth of the 

entrapped cells were reported. In this specific aim, it is the first time that co-axial 

electrospun fibers can produce a tunable core size to accommodate the survival and 

proliferation of the bacterial cells. The tuning of fiber size enables the future design of 
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complex bacterial cell behavior (e.g. population control) within the electrospun fibers. 

However, the current technology is limited by the porous nature of the co-axial 

electrospinning technique. Encapsulated bacterial cells remained sealed for the initial few 

hours as shown in Figure 8. Yet as they proliferate within the fibers over time, some of 

the encapsulated bacterial cells eventually escaped into the medium and populated 

outside of the fibers. To serve as an implantable or a filtration device, it is essential to 

ensure no bacterial cells can leach out. Future development upon the co-axial 

electrospinning to trap the bacterial cells is critical to push the technology forward. 

 

4.5 Conclusion 

Co-axial electrospinning is shown in this specific aim to be an attractive technique to 

encapsulate viral vectors and bacterial cells as a mean to functionalize the fibers. The 

encapsulated viruses were uniformly distributed inside the core of the electrospun fibers 

and could be released in a porogen-assisted manner. Cells seeded on the virus-

encapsulated scaffold exhibited transgene expression for over one month with a reduced 

proliferation rate. Co-culture studies of different virus-encapsulating scaffolds revealed 

localized transgene expression and little cross transduction. Macrophage cells cultured on 

the virus-encapsulated scaffold produced lower levels of pro-inflammatory and anti-viral 

cytokines compared to cells exposed directly to the adenovirus in culture, suggesting that 

fiber encapsulation may lower the level of inflammatory cytokine activation towards the 

controlled-release virus. Prolonged transgene expression, controlled virus exposure and 

localized cell transduction are several characteristics shown in this work that suggest 

virus-encapsulating co-axial electrospun fibers may advance viral gene transfer for 
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regenerative medicine. Bacterial cells survived the electrospinning process and were 

encapsulated in fibers of tunable core size. Within the larger diameter fibers, it was 

demonstrated that the bacterial cells’ motion were unhindered and proliferation of the 

encapsulated population was apparent within 2 hours. The co-axial electrospinning 

technology is demonstrated in this specific aim to be an innovative strategy to 

functionalize fibers with in living entities such as bacterias and viruses. 
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4.6 Figure legends 

Figure 1: Encapsulation of viral particles using co-axial electrospinning 

(A) Co-axial electrospinning setup used to encapsulate viral vectors. PCL dissolved in 

chloroform and ethanol was used as shell solution and adenovirus resuspended in DMEM 

was used as core solution. (B) SEM image of the cross section of BSA-encapsulated 

fibers. (C & D) Fluorescence and phase microscopy images of the FITC labeled 

adenovirus- encapsulated fibers show that the viral particles were distributed uniformly 

throughout the fibers. 

 

Figure 2. Infection of cells through virus-encapsulated scaffolds 

Infection of HEK 293 cells by GFP-adenovirus-encapsulated fibers produced with 

different formulations (PCL, PCL/PEG 0.07%, PCL/PEG 0.7% and PCL/PEG 7%). End 

point dilution assay (A) of the scaffold supernatant reveals that the viruses are 

continuously released in the first two weeks from the PEG incorporated fibers but not 

from the non-porous PCL fibers. HEK 293 incubated in scaffold supernatant (B) show 

transgene expression only in the first two weeks while cells seeded on the virus 

encapsulated scaffolds (C) remain positive over 30 days. (D) Cells cultured on the virus-

encapsulated scaffolds show lower proliferation compared to PCL scaffold without virus. 

Cell transgene expression were characterized using flow cytometry and each point 

represents the mean ±STD. (n=3).  

 

Figure 3. Controlled and local release of virus from the fibers 

(A) Transgene expression is observed preferentially in the HEK 293 cells cultured on 
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virus-encapsulated scaffold (cells on scaffold) but not in the monolayer culture separated 

by a Transwell membrane (Transwell with cells). In contrast, without cells on the virus-

encapsulated scaffolds (Transwell without cells), the bottom monolayer culture expresses 

high level of transgene expression. Cells seeded on two types of GFP and RFP virus-

encapsulated scaffolds separated by a Transwell membrane show very little cross 

infection (B and C). Blue: DAPI nuclei staining, Green: Green fluorescent protein 

expressing cells, Red: Red fluroscent protein expressing cells. Scale bar: 50 µm. Each 

point represents the mean ±STD (n=3). 

 

Figure 4. Reduced activation of macrophages by sustained release of viral vectors 

Culture of macrophage cells on virus-encapsulated fibers (106 IFU/PFU/mL/scaffold, 

PCL or PCL/PEG 0.07% formulations). SEM images indicate that macrophage cells 

seeded on PEG-incorporated and virus encapsulated fibers show an activated cell 

morphology (A) while cells seeded on non-porous PCL fibers remain rounded (B). (C) 

ELISA analysis for pro-inflammatory cytokines (TNF- α and IL-1 β, and anti-viral 

cytokine (IFN- α indicate that macrophages exposed to a sustained release of the viral 

vectors (PCL-PEG) produce reduced level of cytokines compared to a direct bolus 

exposure (TCPS 105 and 106). Macrophage cells cultured on virus-encapsulated but non-

porous PCL fibers appear to have no exposure to the virus and produce only baseline 

level of all three cytokines. Scale bar: 10 µm. Each point represents the mean ±STD 

(n=3). 

 

Figure 5. Encapsulation of GFP bacterial cells in nanosized co-axial fibers 
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GFP/brightfield overlaid image of bacterial cells trapped in the core of the electrospun 

fibers. Images were taken at (A) day 1, (B) 3, (C) 10, and (D) 14. Encapsulated GFP cells 

slowly reduced in number over time, suggesting the lack of nutrient support in the 

nanosized co-axial fibers. 

 

Figure 6. Encapsulation of GFP bacterial cells in co-axial fibers produced with different 
flow rates  
 
(A) Increasing flow rates while maintaining constant core:shell flow rate ratio at 1:5 

mL/hr resulted in the increase in core/shell fiber diameters. Increased flow rates from ((B) 

5/1, (C) 10/2, (D) 15/3 to (E) 20/4 mL/hr created fibers with different dimension of 

micro-environments. 

 

Figure 7. Time lapse tracking of encapsulated bacterial cell motion  

(A) Fluoresecence and (B) brightfield images of the bacterial cells encapsulated in the 

core of a co-axial fiber. (C) Time lapse tracking of the encapsulated bacterial cell motion 

over 50 seconds suggesting an aqueous, hollow-core environment (labeled with blue and 

red arrows in (A)). 

 

Figure 8. Bacterial cells proliferation within co-axial fibers  

Still frame images tracking bacterial cell proliferation within the co-axial fibers. (A) 

Immediately after encapsulation, (B) 1 hour and (C) 2 hours post encapsulation. (D) 

Brightfield image of the region of interest. Inside fibers of larger core size, bacterial cells 

were allowed to move freely inside the fibers and rapidly proliferated within 2 hours.  
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4.7 Figures 

 

 

Figure 1: Encapsulation of viral particles using co-axial electrospinning. 
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Figure 2. Infection of cells through virus-encapsulated scaffolds. 
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Figure 3. Controlled and local release of virus from the fibers. 
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Figure 4. Reduced activation of macrophages by sustained release of viral vectors. 
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Figure 5. Encapsulation of GFP bacterial cells in nanosized co-axial fibers.  
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Figure 6. Encapsulation of GFP bacterial cells in co-axial fibers produced with different 
flow rates. 
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Figure 7. Time lapse tracking of encapsulated bacterial cell motion. 
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Figure 8. Bacterial cells proliferation within co-axial fibers. 
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5. Specific aim 3: Effect of Electromechanical Stimulation on the Maturation of 
Myotubes on Aligned Electrospun Fibers 

 

Abstract 

Tissue engineering may provide an alternative to cell injection as a therapeutic 

solution for myocardial infarction. A tissue-engineered muscle patch may offer better host 

integration and higher functional performance. This study examined the differentiation of 

skeletal myoblasts on aligned electrospun polyurethane (PU) fibers and in the presence of 

electromechanical stimulation. Skeletal myoblasts cultured on aligned PU fibers showed 

more pronounced elongation, better alignment, higher level of transient receptor potential 

cation channel-1 (TRPC-1) expression, upregulation of contractile proteins and higher 

percentage of striated myotubes compared to those cultured on random PU fibers and 

film. The resulting tissue constructs generated tetanus forces of 1.1 mN with a 10-ms 

time to tetanus. Additional mechanical, electrical, or synchronized electromechanical 

stimuli applied to myoblasts cultured on PU fibers increased the percentage of striated 

myotubes from 70 to 85% under optimal stimulation conditions, which was accompanied 

by an upregulation of contractile proteins such as α-actinin and myosin heavy chain. In 

describing how electromechanical cues can be combined with topographical cue, this 

study helped move towards the goal of generating a biomimetic microenvironment for 

engineering of functional skeletal muscle. 
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5.1 Introduction 

 Myocardial infarction affects nearly one million people per year in the United 

States. The inability of infarcted myocardium to self-repair poses a formidable challenge 

to successful therapy. Cell-based therapies such as the use of skeletal myoblasts and bone 

marrow-derived stem cells have been proposed21. Both of these cells types are amenable 

to autologous isolation, ex vivo expansion and genetic manipulation before implantation. 

However, skeletal myoblasts injected at the myocardial infarcted sites and/or at adjacent 

healthy myocardium can provoke ventricular arrthymia5,7. Although some of the injected 

skeletal myoblasts do develop into skeletal myotubes, they do not electrically couple to 

the host myocardium. This poor functional integration along with the extensive cell death 

after implantation has been implicated as one of the culprits of causing arrthymia5,7. It has 

been hypothesized that the application of a pre-developed, mature skeletal muscle cell 

sheet can satisfy the rigorous myocardium demands better than the injection of single 

myoblasts13,24. This study is therefore motivated by the need to develop more efficient 

techniques to achieve a mature tissue-engineered skeletal muscle. 

 Development of mature skeletal myotubes from single myoblasts is a complex 

process influenced by cell-cell and cell-matrix interactions. Differentiation of myoblasts 

is governed by cytoskeletal stress originated from the underlying extracellular matrix, 

causing actin cytoskeleton reorganization and marked activation of stretch-activated ion 

channels1,2,6,17,25,28. Under optimal differentiation conditions, single myoblasts fuse into 

multinucleated myotubes and mature to synthesize contractile proteins such as myosin, 

myosin heavy chain and α-actinin. Mature skeletal fibers are characterized by sarcomeric 

structures and the ability to undergo repetitive stimulation/contraction.  
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 Development of skeletal myotubes has relied on culture in hydrogel or on 

patterned surface in the past. In matrigel or fibrin gel scaffold11,20,22, skeletal myotubes 

demonstrate defined sarcomeric structure and are capable of producing tetanus forces 

ranging from 400 µN to 1 mN. On nanofibers or nano/micro patterned surfaces, skeletal 

myoblasts elongate and align with the fibers or gratings, producing a tetanus force of up 

to 500 µN3,9,12,15-16,29-30. However, the relationship between myoblast-substrate interaction 

and subsequent development of sarcomeric structure and production of contractile 

proteins remains to be elucidated. To further enhance the development of skeletal 

myotubes, researchers have also proposed the use of mechanical or electrical stimulation 

during the culture in hydrogels or non-topographical surfaces. Mechanical stimulation 

increases the mean myotube diameter by 12% as well as the elasticity of the hydrogel-

tissue construct20. Myotubes developed under mechanical stretch show enhanced 

production of different isoforms of myosin heavy chain that are characteristic of fast 

twitch fibers23. A stimulation regime that includes cyclic stretch followed by rest 

upregulates β-integrin expression and activates downstream FAK and RhoA activity, 

pathways involved in skeletal muscle differentiation33. Cyclic electrical pulse can 

stimulate maturing myotubes to contract and increase their tetanus force8,10,27. Low 

frequency stimulation (1-2 Hz) induces Ca2+ transient with improved sarcomere assembly, 

while higher frequency (10Hz) fails to induce similar effect8.  

 Hypothesizing that electrical and mechanical cues may further potentiate the 

topographical effect in enhancing myotube maturation, we studied the culture of skeletal 

myoblasts on electrospun elastomeric polyurethane fibers with or without   synchronized 

electromechanical stimulation. We observed that aligned fibers enhanced the formation of 
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striated myotubes but have negligible effect on the myotube diameter. Aligned fibers 

induced stress on the myoblasts as a result of the topography-mediated elongation, 

thereby upregulating stretch-activation channels, and eventually promoting myotube 

maturation. The construct responded to electrical stimulation and produced tetanus forces 

of 1.1 mN with a 10-ms time to tetanus. Under optimal electromechanical stimulation, the 

differentiated skeletal myoblasts showed a higher degree of striation and upregulation of 

contractile proteins such as α-actinin and myosin heavy chain compared to those cultured 

on aligned fibers alone.  

 

5.2 Materials and methods 

Polyurethane electrospun scaffolds and mechanical properties 

 The aliphatic diisocyanate-based polyurethane (PU) fibers (Cardiotech 

International Inc.) investigated in this study were based on raw materials of two different 

elastic moduli (80A and 55D). The two polyurethanes have tensile strength of 36 MPa 

and 62 MPa (elongation at break of 585% and 325%), respectively. Various types of 

surfaces were fabricated to investigate the effect of topography on skeletal muscle 

differentiation: film, random oriented or aligned electrospun fibers of varying size 

(600nm to 10 µm) and elastic modulus (0.5, 1 and 22 MPa). To fabricate a smooth film 

surface, the polyurethanes were degassed overnight in 80 °C and molded at 175 °C and 

10 MPa for 4 hours in a Carver press, followed by cooling at room temperature. To obtain 

electrospun fibrous mats, the polyurethane pellets were dissolved in a mixed solvent of 

chloroform and ethanol (75/25 v/v) at various concentrations (7, 10 and 15% wt/wt) to 

produce fibers of different diameters. Electrospun fibers of different elastic modulus were 
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produced by using polyurethane pellets of different modulus (80A, 55D and a 50:50 

volume ratio blend). The polyurethane solution was dispensed at a flow rate of 3 mL/hour 

through a syringe needle (0.25 mm inner diameter) and exposed to a voltage gradient of 

10 kV between the needle and a collecting wheel which served as ground (placed 10 cm 

from the needle). The collected fibrous mats had a random feature when the wheel was 

rotating at 1 rpm and an aligned feature at 4000 rpm. A negatively charged needle (-10kV) 

was placed over the collecting wheel to enhance the alignment of the electrospun fibers. 

Electrospinning continued until the electrospun scaffold was at least 50 µm thick, and the 

scaffold was cut into 1 cm2 area. Prior to cell culture, the scaffolds were sterilized in 

ethanol for 1 hour and placed under UV light overnight.  

The elastic modulus of the aligned electrospun scaffolds was determined according 

to ASTM protocol (D3822 – 07). Briefly, each electrospun scaffold was cut into strips of 

5 mm wide and 5 cm long and secured in a plastic bracket. The fiber strips were loaded 

between grips of a dynamic mechanical analysis instrument (RSA III, TA instruments) 

with a 1-cm gap between the grips. The samples were then strained at a rate of 0.5 

mm/minute at 22 °C until failure. To determine whether the polyurethane fibers would be 

able to withstand continuous cyclic loading, the aligned electrospun scaffolds were tested 

at 10 % strain and 1 Hz for 7 days. The changes in stress required to strain the scaffold to 

10% can indicate the onset of fatigue. The mechanical properties were determined with a 

sample size of 20. 

 

Electromechanical bioreactor setup/electromechanical stimulation regime 

 A tubular setup was used to facilitate the synchronized electromechanical 
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stimulation of skeletal myoblasts cultured on aligned nano/microfibers (Figure 1 A). 

Briefly, aligned electrospun fibrous scaffolds were wrapped around silicone tubings (MPI) 

that were connected to a 95% O2/ 5% CO2 tank. Figure 1 B illustrates the alignment of 

the electrospun fibers around the silicone tubing, while the insert shows the thickness of 

the scaffold (~50 µm). The pressure regulator accurately controlled the strain applied to 

the nanofibers as a result of tubing inflation; at 10 Psi, the aligned fibers experienced 

strain of 10.6 % (Figure 1 A). The solenoid valves connected between the pressure 

regulator and the bioreactor tubing were used to control the tubing pressure waveform. A 

computer program (Labview) controlled the closing/opening of the valves, allowing a 

cyclic strain with controlled frequency and magnitude. A typical stimulation protocol is 

shown in Figure 1 C, with repetitive 1-hr stimulation at 1 Hz followed by a 5-hr rest, 

between days 2 and 14 post-differentiation. To ensure the mechanical strain reported in 

the displacement of tubing diameter is the same as the microscopic strain experienced by 

the cells, 500 nm diameter blue polystyrene microspheres (Polysciences) were added to 

the surface of the fibers at a concentration of 1010 particles/mL/cm2. Figure 2 B show the 

corresponding displacement of blue microsphere clusters on fiber-wrapped tubings 

inflated at different pressures. At 10 Psi, a condition at which the tubing circumference 

was strained to 10%, the distance between the same two blue microsphere clusters was 

also increased by 10% (Figure 2 D). In the groups that were exposed to electrical 

stimulation and synchronized electromechanical stimulation, electrodes were wrapped 

around the ends of the tubings. Biphasic, 10 ms square pulses of 20 V electrical 

stimulation (SD9 stimulator, Grass Technologies) were applied with consideration of the 

necessary rest time. The Labview program was written to synchronize the two stimulation 
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times in order to apply electrical stimulation as the tubing was deflating (500 ms delay 

from opening of solenoid valves), as illustrated in Figure 1 C. The program interface 

panels and block diagrams to control applied stimulation and measure construct 

generated force are as shown in supplementary figure 1-4. The following 

electromechanical stimulation protocols were investigated: 

1. 5% cyclic strain at 1 Hz starting at 2 days post differentiation; 

2. 10% cyclic strain at 1 Hz starting at 2 days post differentiation; 

3. 5% cyclic strain at 1 Hz starting at 2 days post differentiation, with a constant 5% 

pre-stretch applied between cells seeded and the start of cyclic strain; 

4. Electrical stimulation was applied at 20V at 1 Hz starting at day 0, 4 or 7 days post-

differentiation;  

5. Synchronized stimulation consisted of pre-stretched mechanical stimulation applied 

in group 3 with electrical stimulation starting at day 7. 

Cell line and cell culture 

Mouse skeletal myoblasts (C2C12 cell line) were purchased from ATCC and 

expanded in proliferative medium (Dulbecco's Modified Eagle's Medium (high glucose, 

Gibco) supplemented with 10% fetal bovine serum (35-015-CV, Mediatech), 10% bovine 

calf serum (12133C, Sigma), 0.5% chick embryo extract (Accurate chemicals) and 1% 

penicillin/streptomycin). The undifferentiated myoblasts were maintained below 80% 

confluency and only passages between 2-4 were used in this study. To differentiate 

myoblasts into skeletal myotubes, the cells were first seeded onto surfaces of interest at a 

density of 5*105/cm2 and maintained in proliferative medium for 5 days. Cells were seed 

on the tubular surface by placing a sterilized trough under the tubing to contain the added 
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medium for 1 hour. The cell-seeded constructs were then shifted into differentiation 

medium (Dulbecco's Modified Eagle's Medium supplemented with 8% equine serum, 

SH30074.03, Hyclone and 1% penicillin/ streptomycin) for 14 days. The media were 

changed every 2 days to ensure sufficient nutrient for myotube formation. Skeletal 

myoblasts began cytoplasmic fusion at day 2 and formed skeletal myotubes by day 7 of 

differentiation. Occasional spontaneous contraction was noticeable at day 7 and became 

more prominent by day 14.  

 

Immunocytochemistry, cell elongation and alignment assay 

 To elucidate the interaction of myoblasts with film or electrospun fibers prior to 

taking part in myotube formation, the cells were seeded at a density of 5000/cm2 and 

cultured for 2 days. The cells were fixed in 4% paraformaldehyde solution for 1 hour, 

permeated in 0.1% Triton X-100 solution for 30 minutes and stained with Alexa594 

phalloidin (Invitrogen) and DAPI to visualize actin filaments and nucleus, respectively. 

The cell elongation factor (F) was determined by F = (L-W)/W, where L = maximum 

length of cytoplasm, W= maximum width of cytoplasm along the direction perpendicular 

to the length. The alignment of the cells was determined by measuring the angle 

difference of individual cells vs. the mean angle of overall cell population. A minimum of 

100 cells was measured for each group to achieve statistical significance. To further 

characterize the anchorage and expression of stretch-activated ion channels of the cells on 

various surfaces, some of the samples were blocked in 1% goat serum solution for 1 hr, 

and immunostained with rabbit polyclonal paxillin (1:100 dilution, Abcam) or rabbit 

polyclonal transient receptor potential cation channel-1 (TPRC-1, 1:50 dilution, Sigma) 
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primary antibody. The secondary antibodies and stains used were Alexa488 anti-rabbit IgG 

antibody (1:200 dilution, Invitrogen), DAPI and Alexa594 phalloidin (Invitrogen) to 

visualize nucleus and filamentous actin, respectively. The cell-seeded scaffolds were 

mounted onto a glass slide and visualized using inverted confocal microscope (LSM 510 

Meta with AxioCam HR camera, Carl Zeiss, Thornwood, NY) with 40x and 100x 

objective lens. The excitation/emission wavelength settings are 488 nm/520-555 nm 

(FITC), 594 nm/ 575-615 nm (Rhodamine) and 408 nm/ 420-480 nm (DAPI).  

 Fourteen days post differentiation, cells cultured on various surfaces were fixed, 

permeated and blocked as mentioned above. The cells were immunostained for 

sarcomeric α-actinin (1:100 dilution, EA-53, Abcam) and counterstained with DAPI and 

Alexa488 phalloidin (Invitrogen). The presence of periodic striations, as illustrated by α-

actinin staining, was evaluated by examining at least 100 myotubes. In this study, cells 

showing partial Z bands were counted as positive for showing striations. The data were 

presented as a percentage of total myotubes showing striated pattern and expressed as 

mean±SD. The diameters of the myotubes were measured using Image-J software. 

 

Western blot analysis 

 At 14 days post differentiation, cells were rinsed once, and scraped in cell lysis 

buffer (with 1:10 v/v of protease inhibitor). The cell suspension was shaken at 4 °C for 30 

minutes and the cell lysate was spun down by centrifugation for 3 minutes. The 

supernatant was collected and the protein concentration was determined by NanoDropTM 

1000 Spectrophotometer (Thermo Scientific). Equal volume of Laemmli sample (with 

1:10 v/v of 2-mercaptoethanol) was added to supernatant prior to freezing. The proteins 
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(10 µg) from lysate were separated by SDS-PAGE, electrotransferred to PVDF 

membrane, blocked in 5% non-fat dry milk containing 0.1% Tween-20 (TTBS) and 

incubated overnight with various primary antibodies including mouse anti-sarcomeric α-

actinin (EA 53, 1:100 dilution, Abcam), mouse anti-fast myosin heavy chain (MY32, 

1:500 dilution, Abcam), rabbit anti-desmin (1:50 dilution, Abcam), mouse anti-skeletal 

muscle troponin I (1:100 dilution, Abcam), mouse anti-myogenin (F5D, 1:200, Abcam), 

mouse-anti myosin (1:500, Sigma) and mouse-anti GAPDH (1:5000, Abcam). The bound 

antibodies were detected by anti-mouse or anti-rabbit IgG1 conjugated to horseradish 

peroxidase (Calbiochem). The proteins were detected by Immuno-Star HRP 

chemiluminescence (Biorad) and imaged using Alpha Innotech imaging system 

(FluorChem). 

 

Skeletal muscle contractility 

 The contractility of the skeletal muscle cultured on aligned electrospun fibers was 

measured using a sensitive force transducer (force detection range: 1 µN to 5 mN, Model 

801B, Aurora Scientific). A multiple-layered tissue engineering construct was created in 

order to measure the tissue construct contractility. Myoblasts were seeded on aligned 

fibers (10 cm length x 1 cm wide) at a density of 5*105/cm2 and maintained in 

proliferative medium for 5 days. At the day of differentiation, the cell construct was 

rolled onto a sterilized tubing in order to encourage contact between layers of cells. The 

cell seeded construct was maintained in differentiation medium for 7 days. At day 7, the 

cell-seeded construct (1 cm2 area with an estimated thickness of 50 µm) was secured 

between two needles on the force measurement setup, with one side fixed and other 
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attached to the force transducer. The construct was maintained in differentiation medium 

at 37°C for the duration of the study. Electrical pulses (20V, 10 ms pulse width at 10 and 

20 Hz) were applied to measure the tetanus force of the construct, and the average force 

over three trials was recorded. Baseline force was measured preceding the onset of 

stimulation. The recorded values were based on 3 measurements of 3 different constructs. 

In order to visualize the multi-layered structure of the tissue engineered construct, the 

samples were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned and stained 

with haematoxylin and eosin. The sarcomere feature of the formed myotubes on 

electrospun fibers were imaged using transmission electron microscope (FEI Tecnai G2 

Twin).  

 

Statistical analysis 

Data was analyzed using Student’s t test (SPSS). A difference with P< 0.05 value 

was considered to be statistically significant and indicated by asterisks. All data are 

shown as mean±SEM. 

 

5.3 Results 

Polyurethane topography and mechanical properties  

Myoblasts seeded on polyurethane fibers attached and remained viable (Sup Fig 5). 

Figure 3 A-F illustrates the different topographical features, ranging from smooth film 

(A), randomly oriented fibers (B) and aligned fibers (C-E). The aligned fiber diameters 

ranged from 600 ± 100 nm to 10 ± 4 µm (Figure 3 F). The large size distribution seen in 

the 10 µm group is typical of the electrospinning technology. Polyurethanes of different 
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stiffness (0.5 MPa, 1MPa and 22 MPa) were electrospun in this study (Figure 2 C). 

Depending on the composition of the polyurethane used, the electrospun fibers could be 

stretched up to 300% and with no evidence of fatigue under 10% cyclic loading of 1 Hz 

over a period of 7 days (Figure 2 D). 

 

Myoblast differentiation on various surface topographies 

 When cultured on random fibers, the myoblasts showed no preferred orientation 

and predominantly exhibited polymorphic shape and round nuclei (Figure 4 A and B). In 

contrast, aligned fibers guided the cell alignment (> 90% of cells aligned within 10° of 

the fiber orientation), although fiber diameters between 600 nm to 10 µm produced no 

statistically significant difference in alignment and cell elongation factor (Figure 4 A-E). 

On all aligned fibers, myoblasts showed significant cytoplasmic elongation compared to 

randomly aligned fibers (average elongation factor of 13.15 for aligned vs. 3.7 for 

random topography) as well as significant elongation of the nucleus. Immunostaining for 

focal adhesion sites and actin filaments helped elucidate the correlation between cell 

morphology and cell-substrate interaction. On PU film, myoblasts showed focal adhesion 

points around the periphery of the cytoplasm, with little orientation in the actin filaments 

(Figure 5 A). On random fibers, there was an increase in cell and nucleus elongation, 

associated with the migration of the focal adhesion sites from the periphery towards the 

nucleus and a slight orientation of actin filaments in the direction of the elongated 

cytoplasm (Figure 5 B). On aligned fibers, the actin filaments were highly aligned within 

the elongated cytoplasm and the focal adhesion sites were distributed evenly throughout 

the cytoplasm (Figure 5 C). Investigation of the expression level of transient receptor 
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potential cation channel-1 (TRPC-1), a subtype of stretch-activated cation channels, 

provided evidence that the elongation of cells due to aligned topography was a result of 

stretch induced by the surface. TRPC-1 (illustrated in green in Figure 5 D-F) was 

progressively activated when myoblasts were cultured on film vs. random vs. aligned 

fibrous surfaces.  

 

Differentiation of skeletal myoblasts cultured on various surface topographies 

This series of experiments screened the surface topography (film, random and 

aligned fibers), matrix stiffness (0.5, 1 and 22 MPa) and fiber sizes (600 nm, 2 µm and 10 

µm) to identify the optimal surface features that might enhance myoblast differentiation. 

The presence of sarcomeric structure is an indication of myotube maturation manifested 

by striated features in the immunostaining of α-actinin. The differentiation of myoblasts 

on various surfaces was scored by the percentage of myotubes showing cross-striations 

and the diameter of the myotubes. At 14 days post differentiation, only 25% of myotubes 

cultured on film showed striations, versus 55% on random surface and 70% on aligned 

surface (Figure 6 A-C, I). On aligned fibers with different matrix stiffness (Figure 6 C-E, 

I), myotubes showed the highest level of differentiation on the softest polyurethane and 

progressively lower level as the matrix stiffness increased. Fiber diameters between 600 

nm to 10 micron did not make a significant difference in terms of differentiation (Figure 

6 C, F-G, I). No significant change in myotube diameter was seen as a result of different 

surface topographies (Figure 6 H).  

Western blot analysis for contractile proteins was consistent with the observation in 

immunofluorescent images. The production of all contractile proteins (α-actinin, myosin, 
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myosin heavy chain and troponin I) appeared upregulated as the myoblasts were 

differentiated on aligned fibers vs. random fibers vs. films (Figure 7A). Further analysis 

showed statistically significant upregulation of myogenin, actinin and myosin (Figure 7 B) 

when the cells were cultured on aligned fibers. Among different fiber diameter groups, 

there was no difference in the level of contractile protein production (Figure 7 A-B).  

H&E sections of the multi-layered engineered construct reveal an aligned and 

compacted tissue structure that has on average of 4-5 cell layers (Figure 8A). Tissue 

thickness averages from 40- 50 µm. Contractile force production analysis of the skeletal 

myotubes cultured on aligned fibers showed that the tissue constructs were capable of 

producing a tetanus force of 1.1 mN, with a time to tetanus around 10 ms and a twitch 

force of 600 µN (Figure 8 B). The contractile force recorded from the aligned fibrous 

tissue construct is comparable to that reported in the literature when myoblasts are 

differentiated in the hydrogels11. Under TEM, myotubes formed in the tissue engineered 

construct have noticeable A-band and Z-band regions (Figure 8 C &D). However, the 

overall sarcomere structure is still disorganized and immature when compared to actual 

muscle sarcomere structure.  

 

Differentiation of skeletal myoblasts cultured under various stimulation regimes 

 Cells can be seeded uniformly on the electrospun fibers wrapped around the 

silicone tubing (Sup Fig 6). When cyclic mechanical stretching (1 Hz for 1 hour with 5 

hours of rest) was applied to the differentiating myoblasts starting at 2 days post 

differentiation, the myotubes at day 14 exhibited evidence of overstretching at both 5% 

and 10% strain (Figure 9 B-C). Very few myoblasts fused to form myotubes on the 
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scaffolds, and those that were present were short and lacked sarcomeric structures. From 

these groups, total protein production tripled but there were very little contractile proteins 

such as myosin (data not shown). This suggested that the cells were overstretched and 

had shifted into a proliferative state as a result of injury. To counteract this injury process, 

a constant stretch of 5% was applied as the cells were seeded onto the scaffold and 

maintained until 2 days post differentiation. We speculated that this would condition the 

myoblasts to better withstand the cyclic loading applied from day 2-14. Indeed, 

myoblasts cultured in this manner showed an increased fraction of striated myotubes 

from 70% to 75% (Figure 9 D). The increase in myotube diameter as a result of cyclic 

stretching was not statistically significant (Figure 9 I).  

Electrical stimulation (20V, 1 Hz for 1 hour with 5 hours of rest) was applied at 3 

time points, day 0, 4 and 7 post differentiation, in order to investigate the effect of 

electrical stimulation prior to myotube formation (day 0 and 4) compared to that post 

myotube differentiation (day 7). Immunofluorescence images (Figure 9 E-F) revealed a 

lower degree of striation when the electrical stimulation was applied prior to myotube 

formation (10% when starting at day 0, and 45% when starting at day 4). However, when 

electrical stimulation was applied beginning at day 7, the percentage of myotube showing 

striation increased from 70% to 85% (Figure 9 G) compared to the unstimulated control. 

The myotubes contracted in synchrony with the applied electrical stimuli for the duration 

of the stimulation.  

Finally, synchronized electromechanical stimulation was applied to the cells by 

combining the pre-stretched mechanical stimulation with electrical stimulation beginning 

at day 7. Electrical stimulation was programmed to be applied with 500 ms delay from 
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the opening of solenoid valves (electrical stimulation was applied as the tubing deflates) 

and the stimulation regime also included a 5-hr rest time after 1 hour of stimulation. 

Myotubes differentiated under this condition showed an increase in percent of myotube 

striation (70% to 85%) compared to the unstimulated control (Figure 9 H). There was no 

statistically significant change in myotube diameter. Western blot analysis of the 

contractile protein expression was consistent with the findings from confocal analysis. 

Compared to unstimulated control, myoblasts cultured under synchronized stimulation 

showed an upregulation of contractile protein production (Figure 9 J). It was unclear if 

the synchronized stimulation was superior over single stimulation groups in driving the 

maturation of myotubes, although the protein level of fast myosin heavy chain (Figure 9 J) 

was found to be significantly higher (not shown).  

 

5.4 Discussion 

During the development of skeletal myotubes, myoblasts must first upregulate their 

primary myogenic transcription factors, MyoD and Myf5, followed by the over-

expression of secondary myogenic factor such as myogenin and MRF46. The cytoskeletal 

remodeling and fusion of myoblasts into myotubes require remodeling of the stress fibers, 

which activate stress-activated channels (SACs) and change the electrical properties of 

the cells. The activation of SACs triggers Ca2+-dependent signaling cascade such as the 

phospholipase C and IP3 pathways, which in turn lead to phenotypic maturation of 

myoblasts into myotubes28. Since this process is closely related to the cell-extracellular 

matrix interaction, the underlying substrate features can influence the level of myotube 

maturation. We have demonstrated that topographical cues can play a significant role in 
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the development of skeletal myotubes. The aligned topography of the PU fibers causes a 

cytoskeleton reorganization of the myoblasts, not only to orient the cells in the direction 

of the fibers but also to amplify their degree of elongation and fusion. The increased 

elongation is a result of uniaxial stress in the direction of fiber orientation, as illustrated 

in the reorganization of focal adhesion sites from the periphery to the center. The 

upregulation of TRPC-1 expression (one type of SACs) suggests that the effect of aligned 

topography on enhanced myotube differentiation may be mediated by Ca2+-dependent 

signaling pathways.  

In addition, we have compared differentiation of myoblasts on fibers of various 

matrix stiffness, a property shown to modulate the level of skeletal myotube 

differentiation through cell-substrate interaction4. We have observed that myoblasts form 

myotubes with a higher degree of striation when cultured on softer fibers (0.5 MPa) vs. 

stiffer fibers (22 MPa). This observation matches the findings of Engler et al. but differs 

in the type of substrate studied (fiber vs. hydrogel) and the stiffness values (0.5 MPa vs. 

15 KPa)4. This study also investigates the effect of fiber size (600 nm - 10 µm) on the 

differentiation of skeletal myotubes. Topographical features of the substrate, particularly 

in the submicron range, have been reported to influence the morphology, proliferation, 

and migration of smooth muscle cells32. The topographical cues also affect the 

differentiation of human mesenchymal cells, where nanogratings in the range of 350 nm 

to 2 µm width stimulate the upregulation of neuronal genes in a size-dependent manner31. 

In this study, the differentiation of skeletal myoblasts was insensitive to the fiber size 

within the range of 600 nm to 10 µm (Figure 6). As the extent of cell elongation was 

similar among fibers of 600 nm to 10 µm, the differentiating myoblasts may have 



 - 90 -

experienced similar stretch forces and yielded similar levels of differentiation. In general, 

this study also underscores the importance of mechanical microenvironment in shaping 

tissue development. However, further studies will have to be performed to understand the 

underlying mechanism and clarify the relative contributions of substrate stiffness and 

topography in modulating the differentiation of myoblasts. 

 The mechanical and electrical stimulation regimes used in this study have been 

adapted from literature that suggests optimal enhancement of myogenesis. For instance, a 

typical 5% or 10% strain on cells cultured in matrigel would improve myotube diameter 

and density in the hydrogel20. In this study, when 5% or 10% of cyclic strain was applied 

to the skeletal myotubes differentiated on aligned fibers, there was a negative effect on 

myoblast maturation and an evidence of extensive proliferation (Figure 9 B and C). Other 

reports in the literature show that exposure of skeletal myoblasts in vitro to strains of 

lower magnitude (<10%) enhances differentiation over proliferation, while this pattern is 

inverted for strains above 15%14,18,26. In this study, the highly aligned myoblasts on fibers 

may have been already pre-stretched and any additional mechanical stretching became 

deteriorating to their maturation capability. On the other hand, pre-stretched myoblasts 

(when a 5% strain is maintained from cell seeding to 2 days post differentiation) 

benefited from additional cyclic stretching as evidenced by enhanced differentiation and 

production of contractile proteins (Figure 9 D and J). The interesting finding that the 

alignment of polyurethane fibers may exert a pre-stretch on cells highlights the need to 

consider carefully the combination of topographical and mechanical stimuli in optimizing 

myogenesis.  

We have also found that the timing of the application of electrical stimulation is a 
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crucial factor in modulating the myoblast differentiation. When stimulation is applied 

prior to myotube assembly, the cells appear to be incapable of benefiting from the 

electrical stimulation, resulting in only myotubes of poor sarcomeric structure (Figure 9 

E). This finding is consistent with a previous study where skeletal myoblasts are cultured 

on PGA fibrous scaffolds17. On the other hand, electrical stimulation applied after 

myotube assembly was found to be highly beneficial. Using the optimal mechanical (pre-

stretched with 5% cyclic strain) and electrical (20V at 1 Hz, applied 7 days post 

differentiation) stimulation conditions, we have investigated myoblast differentiation 

under synchronized electromechanical stimulation. While the synchronized stimulation 

improved the level of striation and contractile protein production compared to 

unstimulated cells, its benefit over single stimulation (electrical or mechanical) is unclear 

(Figure 9 H and J). Given this is the first report on the coupling of electromechanical 

stimulation for myotube formation, further systematic studies with different patterns of 

stimulation would be required to identify any synergistic effects. A more detailed study 

on the production of different isotypes of myosin heavy chain, Ca2+ homeostasis and 

contractile force generation in myotubes will be needed to elucidate the potential 

differences brought about under different synchronized stimulation conditions. The 

current study sets the experimental framework for combining the topographical with 

electromechanical cues in further optimization of myogenesis for engineering of 

functional skeletal muscle.  

 

5.5 Conclusion 

A comprehensive study was conducted on how substrates of various topographical 
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features and electromechanical stimulation could influence the differentiation of skeletal 

myoblasts into contractile myotubes. Aligned topography induced cell elongation, focal 

adhesion reorganization, and stretch-activated ion channel upregulation, similar to effects 

previously observed during application of a constant uniaxial stretch. Stretching without 

pre-conditioning the myoblasts on aligned fibers resulted in inhibited myotube 

differentiation and upregulated cell proliferation. This phenomenon could be 

counteracted by pre-stretching the cells prior to application of cyclic strain, with the 

resulting myotubes demonstrating enhanced differentiation. Electrical stimulation applied 

post, but not prior to, myotube formation also enhanced process of myogenesis as 

evidenced by a higher level of striated myotubes and contractile protein expression. In 

describing how electromechanical and topographical cues can be combined in modulating 

the process of myogenesis, this study helps move towards the generation of a biomimetic 

microenvironment for engineering of functional skeletal muscle tissues. 
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5.6 Figure legends 

Figure 1: Electromechanical stimulation setup 

A bioreactor setup based on controlled inflation of tubing was used to achieve 

synchronized electromechanical stimulation. (A) Two solenoid valves controlled by 

computer regulated the tubing pressure and stretched the scaffold wrapped around the 

tubing. (B) Fibers wrapped around the silicone tubing remained aligned and attached 

closely to the surface of the tubing. The scaffold thickness used in this study was 50 µm. 

(C) Mechanical stimulation applied in this study was 1-hr stimulation (stretched at 1 Hz) 

followed by 5-hr rest. Electrical stimulation (20V, 10 ms pulse width) was applied with 

the same stimulation regime. Synchronized stimulation regime was set at electrical 

stimulation commencing when mechanical stretching ceased. 

 

Figure 2: Application of mechanical stress through silicone tubing 

(A) Measurement of strain in the tubings inflated as a function of pressure. Increase in 

pressure linearly correlated with the strain in the tubing. The attachment of aligned fibers 

around the silicone tubing shifted the strain-pressure curve left-ward, although it was still 

able to achieve at least 10% strain. (B) Fluorescent images of blue microspheres 

embedded on the nanofibers illustrated the microscopic displacement of the fibers as a 

result of tubing circumference change. The displacement between two clusters of 

microspheres over various pressures indicated that the strain rate measured by the 

diameter change would match the strain experienced by the fibers. (C-D) Mechanical 

properties of aligned fibers produced using polyurethane of different stiffness (80A, 55D 

and a 50:50 volume ratio blend). Fibers produced using 80A polyurethane were capable 
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of stretch up to 300%, and remained mechanically stable under 10% cyclic strain at 1 Hz 

over 7 days. Yield stress of 80A fibers was around 2 MPa. Fibers produced using 55D 

polyurethane were more rigid, with yield elongation at 100% and similar breaking stress. 

Fibers produced using a 50:50 volume ratio blend have mechanical properties closer to 

80A than 55D polyurethane. 

 

Figure 3: SEM images of various topographical surfaces 

(A) Film, (B) random fibers, (C) aligned nanofibers, (D) aligned 2 µm fibers and (E) 

aligned 10 µm fibers. Scale bars are 5 µm in A-D and 10 µm in E. (F) Fibers of various 

diameters (600nm, 2 µm and 10 µm) were produced by varying the concentration of the 

polyurethane solution. 

 

Figure 4: Cell alignment and elongation on various topographical surfaces 

(A) Morphology of myoblasts (seeding density = 5000 cells/cm2) on random and aligned 

fibers was evaluated by measuring the cytoplasm elongation factor (defined as F = (L-

W)/W, where L = length and W = width of cytoplasm). A minimum of 100 cells was 

measured for each group to achieve statistical significance. (B-E) Cells were randomly 

oriented and minimally aligned when cultured on random fibers but became more 

elongated on aligned fibers. Greater than 90% of the cells were oriented to the direction 

of the fiber within 10°. The cells were labeled with Alexa594 phalloidin and DAPI for 

their actin filaments and nuclei, respectively. Scale bars: 40 µm. 

 

Figure 5: Confocal images of focal adhesion sites and transient receptor potential cation 
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channel-1 
 
Immunofluorescent images of focal adhesion sites (red) and actin filaments (green) of 

myoblasts cultured on (A) film, (B) random and (C) aligned fibers. Focal adhesion sites 

reorganized from the periphery of the cytoplasm towards the center of the cells when the 

myoblasts were cultured in aligned topography. (D-F) Confocal images of actin filaments 

(red) and TRPC-1 (green) demonstrated an upregulation of stretch activated cation 

channels in cells cultured on aligned fibers. Cell nuclei were stained blue with DAPI. 

Scale bar: 20 µm. 

 

Figure 6: Differentiation of myotubes on various topographical surfaces 

Skeletal myoblasts cultured on various topographical surfaces were immunostained for α-

actinin (green; blue:nuclei) to show striation. Myotubes were randomly oriented and less 

striated when cultured on (A) film and (B) random fiber surfaces. (C) When cultured on 

aligned PU fibers (600nm with stiffness of 0.5MPa), myotubes were highly aligned with 

70% of myotubes showing striation. (D-E) The degree of striation decreased when 

myoblasts were cultured on stiffer PU fibers (1 MPa and 22 MPa). (F-G) Degree of 

striation in the myotubes was comparable among the groups with fiber diameters of 

600nm to 10 µm. (H) Myotube size did not significantly differ among various 

topographical surfaces, while (I) percentage of striated myotubes was dependent on 

topographical features and matrix stiffness. Scale bar: 20 µm. 

 

Figure 7: Western blots of contractile proteins of developing myotubes 

(A) All contractile proteins were upregulated in myotubes cultured on aligned fibers 
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compared to random fibers and film. (B-C) The upregulation of myosin, myogenin and α-

actinin was statistically higher in aligned fibers compared to random fibers and film 

samples. Western blotting analysis of myotubes cultured on different fiber sizes did not 

reveal significant difference among the groups. Values were normalized to GAPDH level.  

 

Figure 8: Contractility measurement of myotubes cultured on aligned fibers 

Contractility of the myotubes cultured on aligned fiber surface was measured at 14 days 

post-differentiation using a µN force transducer. The cell-fiber construct was stimulated 

for 15 ms starting at 10 ms time point and 20V at various frequencies. The tetanus force 

measured was approximately 1 mN with an average time to tetanus around 10 ms.  

 

Figure 9: Confocal images and western blotting analysis of myotubes cultured under 
various stimulation regimes 
 
Skeletal myotubes cultured under various stimulation regimes were immunostained for α-

actinin (green; blue = nuclei) to show striation. (A-C) Application of 5% or 10% cyclic 

strain to cells cultured on aligned fibers resulted in overstretching and appeared to drive 

the myoblasts into proliferative instead of differentiative state. (D, I) Pre-stretching of the 

myoblasts before application of cyclic loading led to enhanced differentiation. (E-F, I) 

Electrical stimulation applied to the myotubes at earlier time points (Day 0 and 4 post 

differentiation) showed detrimental effect in the development of striated myotubes. (G, I) 

When electrical stimulation was applied post myotube assembly (day 7), it induced 

contraction and led to an increase in striation. (H-I) Cells cultured under synchronized 

stimulation showed insignificant increase in myotube diameter but significant increase in 
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percent of striated myotubes. (J) Western blotting demonstrated an upregulation of 

contractile proteins mechanical, electrical or electromechanical stimuli was applied. 

There is a significant level of increase in fast myosin heavy chain when cells were 

cultured under synchronized stimulation. Scale bar: 20 µm. 
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5.7 Figures  

 

Figure 1: Electromechanical stimulation setup. 
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Figure 2: Application of mechanical stress through silicone tubing. 
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Figure 3: SEM images of various topographical surfaces. 
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Figure 4: Cell alignment and elongation on various topographical surfaces. 
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Figure 5: Confocal images of focal adhesion sites and transient receptor potential cation 
channel-1. 
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Figure 6: Differentiation of myotubes on various topographical surfaces.
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Figure 7: Western blots of contractile proteins of developing myotubes. 
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Figure 8: Contractility measurement of myotubes cultured on aligned fibers. 
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Figure 9: Confocal images and western blotting analysis of myotubes cultured under 
various stimulation regimes. 
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5.8 Supplementary figure legend 

Figure 1: Front panel of the Labview program that was used to measure force generated 
from the skeletal muscle construct. 
 
 “Acq Time” refers to the acquisition time that the program would collect for each 

experiment. “Sampling rate” is the rate of data point collection per second. Changing 

“frequency” would result in the change in frequency in the applied electrical stimulation. 

“Initial delay” refers to when the electric stimulation is to begin and “stim time” is the 

length of time in which electrical stimulation is applied. 

 
Figure 2: Block diagram of the Labview program that was used to measure force 
generated from the skeletal muscle construct. 
 

Figure 3: Front panel of the Labview program that was used to apply synchronized 
mechanical and electric stimulation to skeletal muscle construct. 
 
 “On time” and “Off time” refer to the on and off time in which the synchronized 

stimulations are to be applied. “Electrical pulse period” and “mechanical pulse period” 

govern the stimulation frequency which the tissue engineered constructs were exposed to. 

By varying “mechanical pulse delay”, it is possible to put the two stimulations in sync or 

out of sync. 

 

Figure 4: Block diagram of the Labview program that was used to apply synchronized 
mechanical and electric stimulation to skeletal muscle construct  
 

Figure 5: Live-dead assay of C2C12 cells on polyurethane fibers 

Fluorescence (A, C) and brightfield (B, D) images of C2C12 cells seeded on 

polyurethane fibers and stained with live dead assay. Live cells were stained green while 
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dead cells were stained red. The cells in B & D were exposed to 30 minutes of ethanol to 

create a negative control.  

 

Figure 6: Cell seeding on electrospun fibers wrapped around the silicone tubings. 

Cell seeding uniformity on electrospun fibers wrapped around the silicone tubings were 

demonstrated by taking fluorescence images of cells at top (A), side (B) and bottom (C) 

of the tubing. The seeded cells were visualized with rhodamine labeled phalloidin and 

DAPI. 
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5.9 Supplementary figures  

 

 

Figure 1: Front panel of the Labview program that was used to measure force generated 
from the skeletal muscle construct.  
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Figure 2: Block diagram of the Labview program that was used to measure force 
generated from the skeletal muscle construct. 
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Figure 3: Front panel of the Labview program that was used to apply synchronized 
mechanical and electric stimulation to skeletal muscle construct 
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Figure 4: Block diagram of the Labview program that was used to apply synchronized 
mechanical and electric stimulation to skeletal muscle construct  
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Figure 5: Live-dead assay of C2C12 cells on polyurethane fibers 
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Figure 6: Cell seeding on electrospun fibers wrapped on silicone tubings  

Top Bottom Side 
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6.  Specific aim 4: Integrative skeletal muscle tissue engineering for the 
treatment of hemophilia A 

 

Abstract 

Hemophilia A is a common genetic disorder associated with uncontrollable 

bleeding episodes due to abolished FVIII protein production. Viral and cell therapy 

methods are challenged with patient safety concerns and limited functionality. Here we 

demonstrate sustained treatment of hemophilia though a non-viral, tissue engineering 

based approach.  Our strategy, having FVIII-producing skeletal myotubes engineered on 

core-shell electrospun fibers, selectively stimulates lymphatic or vascular systems to 

enhance FVIII transport near the implant sites. Upon implanted subcutaneously into 

hemophilic mice, the construct seamlessly integrated with host tissue within one month, 

and specifically induced vascular or lymphatic network infiltration according the growth 

factors released from the fibers. Engineered constructs that induced angiogenesis resulted 

in sustained elevation of plasma FVIII and significantly reduced blood coagulation time. 

Functional tissue engineering implants were shown in this study to effectively treat a 

systemic genetic disorder such as hemophilia.  
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6.1 Introduction 

Hemophilia is a group of X-linked recessive genetic disorders that leads to a 

deficiency in blood coagulation ability in the affected patients. Currently, hemophilia A 

patients are required to take regular injections of recombinant plasma FVIII concentrates 

throughout their lifetime. The high cost of protein concentrates and the inconvenience of 

frequent intravenous injections drive the need for the development of gene therapy 

strategies. One important aspect is the relatively low threshold for success: slight 

elevation of plasma FVIII level will be able to result in substantial reduction in clinical 

manifestations89, 92. There is a vast amount of literature regarding various gene therapy 

strategies employed to treat hemophilia89, 93, 98. While non-viral gene transfer strategies 

are safe to administer, they have shown low and transient improvement in plasma FVIII 

level94-97. Viral gene therapies, on the other hand, have promising results in pre-clinical 

and phase I clinical trials71, 98-101, 103, 170. In general, adeno-associated virus (AAV) 

approaches are considered to have favorable therapeutic outcome over adenoviruses and 

retroviruses89. Intramuscular delivery of AAVs has been reported to be safe but 

therapeutically ineffective, a phenomenon attributed to insufficient dosage and limited 

protein transport 99. Intraportal delivery of AAVs has shown superior level of transgene 

expression over intramuscular delivery, but suffers a gradual decline in transgene 

expression due to T-cell mediated immunity98, 105, 107, 111. Such modest therapeutic 

outcomes coupled with the potential patient safety concerns have limited the progress of 

viral therapy approaches. 

Cell-based therapies have been proposed as alternatives for the treatment of 

hemophilia112, 113, 171. Isolated endothelial cells and endothelial cells derived from induced 
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pluripotent stem cells have been transplanted into the liver to result in the phenotype 

correction of hemophilia A117, 118. In both strategies, the transplanted mice have reported 

to have close to 10% plasma FVIII level over a period of 2 months. While this is a 

promising method, intraportal vein injection can be invasive considering the hemophilic 

nature of the patients. As an alternative, there have been approaches that investigate 

subcutaneous cell engraftment to treat hemophilia, involving the use of engineered 

endothelial progenitors or engineered myoblasts119, 120. In both approaches, the engrafted 

cells can survive well at the implant site, but only result in limited increase in plasma 

FVIII level due to protein instability and poor transport from the implant site into 

circulation120. We hypothesize that it will be crucial to improve the protein transport 

efficiency from the subcutaneous implants in order to realize the therapeutic potential of 

cell-based therapies. 

Skeletal myoblasts, a population of muscle specific progenitor cells, hold 

attractive therapeutic potentials for gene therapy22, 23, 28-31. Normally responsible for the 

growth, repair and regeneration of skeletal muscle, skeletal myoblasts are capable of 

being expanded and engineered in-vitro34. Expanded skeletal myoblasts can be induced to 

undergo a process of myogenic commitment, cell cycle arrest and fusion into multi-

nucleated myotubes172. Individual skeletal myotubes have long life span, making it 

possible as a source of continuous protein production37. We, as well as other groups, have 

demonstrated that aligned fibrous topography can induce the cultured myoblasts 

stretching along the uniaxial pattern, upregulate the membrane stretch activated ion 

channels and facilitate the myoblast differentiation process12, 19-21. The engraftment of 

myotubes has the potential for faster tissue repair and better host-donor integration over 
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the engraftment of myoblasts, a hypothesis that this study attempts to evaluate.  

We propose to engineer FVIII-producing skeletal muscle engineered constructs 

(from here onwards, referred to as SMECs) which can stimulate local lymphatic or 

vascular systems to improve FVIII transport efficiency, and ultimately provide long term 

treatment for hemophilia A. Adhering to a non-viral approach, skeletal myoblasts were 

isolated from mice, and engineered to stably produce FVIII via electroporation and clonal 

selection. The FVIII producing skeletal myoblasts clones were differentiated into 

myotubes on aligned electrospun fibers, and implanted subcutaneously into the abdomen 

of hemophilic mice. Since protein transport into circulation is possible via both vascular 

or lymphatic systems, this study sets out to compare the efficacy of both approaches. 

Therefore, the aligned fibrous substrates serve to enhance cell differentiation/engraftment 

and provide growth factors to stimulate local lymphatic (VEGFC) or vascular systems 

(VEGFA and PDGF-bb). The selection of the growth factors and dosage is based on 

careful consideration of published literature on vascular and lymphatic vessel 

development173-176. We hypothesize that the SMECs would enjoy excellent host-donor 

engraftment, and the FVIII protein produced by the donor tissue can efficiently transport 

into circulation via the infiltrating networks to ultimately reduce the clinical 

manifestations of hemophilia in a mice model. 

 

6.2 Materials and methods 

Fibrous scaffold engineering 

Core-shell electrospun fibers were produced as previously described58, 88. In co-

axial electrospinning, two needles of different gauge size were arranged in a concentric 
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manner to dispense two different solutions concurrently. The dispensing solutions were 

then exposed to high voltage, which electrically charged the solutions to accelerate them 

towards the collecting drum. In flight, the solvents which were used to dissolve the 

solutions would evaporate to result in electrospun fibers with core-shell features. 1 µg of 

growth factors (VEGFC (R&D systems), or VEGFA (VEGF-A165, Prospecbio) and 

PDGF-bb (Cordis Corporation)) dissolved in 100 µL phosphate buffered saline solution 

(PBS) was used as the core solution. Poly(urethane) dissolved in 75:25 v/v ratio  of 

chloroform:ethanol (PU, AL 80, Cardiotech International, 10% w/v) was used as the shell 

solution. The solutions were set to dispense at a rate of 1mL/hr (core) and 6 mL/hr (shell) 

while being exposed to high voltage gradient between the needles and a rotating wheel 

(4,000 RPM). The voltage gradient (15 kV over 5 cm) sheared the dispensing solution 

into fibers with core-shell feature, and electrospinning continued until the core solution 

was completely encapsulated. Small molecular porogen (0.7% wt/wt, polyethylene glycol, 

Mw - 3,400, Union Carbide Corporation, USA) was mixed into the shell solution (0.7% 

w/v) to facilitate sustained release as previously described58, 88. The released proteins 

were quantified via ELISA (R&D systems). The scaffolds were placed in 2 mL PBS at 

37°C. At predetermined time points, the solutions were collected for quantification and 

replenished with fresh PBS. To demonstrate that the co-axial feature of the electrospun 

fibers, the fibrous scaffolds were cut cross-sectionally in liquid nitrogen, sputter coated 

with gold and viewed under scanning electron microscope (FEI XL30 SEM). 

 

Isolation of myoblasts and cell culture 

Skeletal myoblasts were isolated from the quadriceps of mice (B6129SF2/J, 
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Jackson Laboratories) and purified through a series of preplating. The harvested tissues 

were washed in PBS and 10x concentration of penicillin/streptomycin for 5 minutes. The 

tissue fragments were transferred into collagenase II solution (5mg/mL, Worthington 

Biochemicals). Excess amount of collagenase solutions were used to ensure sufficient 

amount of collagenase were present to efficiently digestion the tissues. In the collaganese 

solution, the tissue fragments were cut into less than 3 mm2 pieces to enhance the surface 

area of the fragments exposed to the collagenase solution. Afterwards, the 

tissue/collagenase solution dish was incubated at 37˚C for 20 minutes. At 10 minute 

intervals, the dish was taken out of the incubator and the collagenase solutions were 

pipetted vigorously to enhance tissue digestion. After second incubation, equal volume of 

0.25% trypsin was added to the collagenase solution and pipetted to continue tissue 

digestion and returned to the incubator. After 10 minutes, the slurry like collagenase 

solution was passed through a 100 micron cell strainer to break up residual tissue 

fragments. DMEM solution was then used to neutralize the effect of trypsin and 

collagenase. The solutions were then centrifuged at 1 g for 10 minutes and resuspended in 

DMEM. The resuspended solution were pipetted on TCPS plates and incubated in 37˚C 

for 2 hours to remove unwanted fibroblasts. After 2 hours, the remaining suspended cells 

were pipetted on collagen coated plates for cell attachment. All subsequent myoblasts 

cultured were done on collagen coated TCPS plates. The purity of isolated cell culture 

was assessed by immunostaining and flow cytometry with muscle markers such as α-

actinin, MyoD and desmin (Abcam). Cell growth and expansion were maintained in 1:1 

mixture of high glucose Dulbecco's Modified Eagle Medium (DMEM, Gibco) and F12 

mixture (Gibco), supplemented with 8% fetal bovine serum (Sigma), 8% bovine calf 
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serum (Sigma), 0.5% chick embryo extract (Accurate chemicals) and 1% 

Penicillin/Streptomycin (Gibco). Cell differentiation was induced with DMEM 

supplemented with 8% horse serum (Sigma) and 1% Penicillin/Streptomycin. No 

myoblast cultures were used beyond fifteen passages. 

 

Engineering of minicircle cFVIII plasmid and stable FVIII clones 

In order to engineer the isolated myoblasts to produce FVIII protein, a canine 

FVIII minicircle was constructed based on a previously published B-domain removed 

cFVIII sequence177. The gene was codon optimized for the cDNA sequence expressed in 

canine cells, cloned into the pCA_Luc plasmid backbone via SalI and EcoRV sites to 

generate pCA_cFVIII, digested with SpeI and XmnI, and subsequently blunt ligated with 

p2fC31. Final pMCA_cFVIII construct was obtained by plasmid amplification and 

processing. Isolated myoblasts were induced to exhibit long term transgene expression by 

electroporation followed by antibiotic selection for stable clones. One million cells were 

co-transfected using the Amaxa Nucleofector instrument (Program B32, Lonza) with 4 

µg of green fluorescent protein (pMaxGFP, Lonza) plasmid and 2 µg of hygromycin 

plasmid. Two days post nucleofection, hygromycin (2000x dilution) was added to provide 

selection against non-hygromycin resistant cells. GFP positive clones were selected using 

cloning discs (Scienceware). The selected cell clones were expanded and checked for 

their capability to differentiate into skeletal muscle as well as transgene expression. The 

engineering of myoblasts to produce FVIII was performed by screening for positive 

clones with supernatant secretion of canine FVIII via ELISA (Affinity Biologicals). The 

medium were supplemented with 50 ng/mL of von Willebrand Factor (Haematologic 
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Technologies) to help stabilize the produced protein.  

 

In vivo experimental design and surgical procedure 

 The tissue-engineered skeletal muscle constructs (SMECs) were prepared for in 

vivo studies in the following procedure. Prior to cell seeding, the fibrous scaffolds were 

sterilized for 1 hour under UV light and coated with 50 µg/mL of fibronectin solution. 

Engineered myoblasts (GFP or FVIII) were seeded on fibronectin coated aligned fibrous 

scaffolds at a density of 3*104 cells/cm2. The cell seeded constructs were maintained in 

growth medium for 5 days before switching to differentiation medium for 7 days. During 

the differentiation phase, the long aligned fibrous scaffold was rolled onto a pre-sterilized 

silicone rod. This procedure enhanced cell-cell contact and extracellular matrix 

deposition to result in a multiple layered tissue structure (final dimension is 1.5 cm by 1 

cm with a thickness of 200 µm). The cross sections of the tissue structure were evaluated 

with hematoxylin and eosin staining (H&E) and SEM. For the animal groups that 

received scaffolds with releasing angiogenic (VEGFA + PDGF-bb) or lymphangiogenic 

(VEGFC) growth factors, the tissue engineered constructs would consist of an additional 

layer of controlled release fibers produced by co-axial electrospinning. The controlled 

release portion of the scaffold was wrapped on the outside of the cell seeded portion and 

has an average thickness of 10 µm. 

Mice were anesthetized with oxygen (2L/min) and isoflurane (2%). The animal’s 

abdomen was sterilized and a 2 cm incision was created in the skin layer of the 

abdominal area of the mice. The GFP construct was sutured on four corners to the 

abdominal wall with 4/0 PGA sutures.  The wound was immediately closed with wound 
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clips. The wound clips were removed 7 days post implantation. In order to limit potential 

blood loss in the hemophilic mice, 100 µL of human FVIII protein (at a concentration of 

10 U/mL) was injected through tail vein injection prior to surgery. B6129SF2/J mice (n = 

3 per group, age ranging from 3- 4 weeks) from Jackson Laboratories were used in this 

study. 4 animal groups were evaluated at 1 week and 1 month time points: 

1. Myoblasts: Mice received a subcutaneous injection of 3*105 skeletal myoblasts 

suspended in 100 µL PBS.  

2. Construct: SMECs derived from 3*105 GFP+ cells.  

3. VEGFC: SMECs releasing 1 µg of VEGFC  

4. VEGFA: SMECs releasing 1 µg of VEGFA and PDGF-bb  

 

Histology and immunostaining 

 At predetermined time points, Mice that received implants were euthanized 

through CO2 inhalation and the tissues surrounding the implant site were surgically 

removed, fixed in 4% paraformaldehyde solution, embedded in paraffin and sectioned for 

analysis. The presence of implants can be identified by the persistence of GFP signal. The 

evaluation of inflammation and host-donor tissue response was based on qualitative H&E 

staining and immunostaining for fibroblasts (5B5, Abcam) and macrophages (RM0029-

11H3, Abcam). Tissue integration was evaluated via immunstaining for skeletal muscle 

specific markers (sarcomeric ɑ-actinin [EA-53], fast skeletal myosin heavy chain [MY-

32] and desmin, Abcam). The same sections were also stained for Ki-67 (Abcam) and 

CD-8 (Abcam) to probe for proliferating donor cells and cytotoxic T-cells, respectively. 

Changes in the lymphatic and vascular networks surrounding the implants were 
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evaluated based on immunostaining for lymphatic endothelial cells (lymphatic vessel 

endothelial receptor 1, Abcam) and smooth muscle (smooth muscle actin, Abcam). All 

immunostaining images were taken with an inverted confocal microscope (Zeiss 510). 

The evaluation of size of lymphatic and vascular vessels was performed using Image-J 

software, and the values reported are the mean±SD values based on a minimal of 300 

blood vessels and 50 lymphatic vessels per group. Only positively stained vessels with 1 

mm proximity from the implant site were considered in the analysis.  

 

FVIII bioavailability and hemophilia animal study 

 A bioavailability study was performed based on construct alone, VEGFA and 

VEGFC groups. A group of untreated mice (n = 3) served as the control. All of the mice 

in this study received 100 µL injection of human FVIII (at a concentration of 10U/mL in 

PBS) in the subcutaneous space above the implant site at 6 days post implantation. 24 

hours post injection, 200 µL of blood samples were taken to determine plasma hFVIII 

level via by ELISA (Affinity Biologicals). Changes in protein bioavailability were 

determined by the fraction of FVIII that ended up in circulation from the total amount of 

injected FVIII.  

In order to demonstrate treatment efficacy for hemophilia, FVIII producing 

SMECs (producing 1U of cFVIII per day) were implanted subcutaneously into 

hemophilic mice (n = 5). The surgery procedure was the same as previously detailed. 

Blood samples (100 µL) were collected from the animals every week via the 

submandibular vein. Plasma FVIII level and neutralizing antibody production were 

determined based on cFVIII ELISA and Bethesda assay, respectively. At 2 months post 
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implantation, the blood coagulation times of various experimental groups were 

determined using partial thromboplastin time (PTT) assay using a coagulometer (BMD 

M1 Coatron Single-Channel Portable Coagulometer, Biomedica Diagnostics Inc.). 

 

Statistical analysis 

The data presented herein is expressed as mean±SD. Statistical analysis of local 

vascular and lymphatic networks, plasma FVIII level and blood coagulation time was 

performed using one-way ANOVA followed by Tukey’s test, with p<0.05 considered 

significant. Power analysis was used to calculate the proposed group size in the 

hemophilia mice study.  

 

6.3 Results 

Engineering of core-shell fibers to produce sustained growth factor delivery 

 Co-axial electrospun fibrous scaffold was designed to serve as a tissue 

engineering substrate as well as a controlled release device to stimulate angio/ 

lymphangiogenesis. TEM and SEM images of fiber cross sections demonstrated the 

definitive core feature in greater than 90% of the electrospun fibers, compared to none in 

fibers produced using monoaxial electrospinning (Fig 1 A-C). The co-axial fibers could 

be engineered to align during electrospinning process to provide uniaxial surface 

topography for the differentiation of myoblasts (Fig 1 D). Equally as important, 

fluorescently labeled protein (FITC-BSA) encapsulated within the co-axial fibers was 

distributed evenly within the core, as opposed to aggregating in spots when mixed into 

the monoaxial electrospinning solution (Fig 1 E-F). 80% of the encapsulated VEGFA and 
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PDGF was released in a near linear fashion within two weeks, while 60% of VEGFC 

protein was released within ten days (Fig 1 G-H). Our previous study exploring the 

controlled delivery of protein from co-axial fibers has demonstrated that the released 

protein remained as bioactive as fresh protein stock58. 

 

Primary skeletal muscle tissue engineering 

Skeletal myoblasts were isolated and characterized using immunostaining and 

flow cytometry. 90% of the purified myoblasts was stained positive for ɑ-actinin, MyoD 

and desmin (Sup Fig 1 A-D). Stable GFP clones were derived from the isolated myoblasts 

(94% GFP positive after 8 weeks, Fig 2 A&E, Sup Fig 1 E) and used to engineer skeletal 

muscle on electrospun fibers. In supplementary figure 2, GFP positive myoblasts were 

seeded on polyurethane electrospun fibers with different protein coating (uncoated, 

collagen I, fibronectin and matrigel). Based on the cell spreading morphology, it is 

determined that fibronectin coated fibers were most suitable for isolated myoblasts. GFP 

myoblasts seeded on the electrospun fibers aligned and elongated to the uniaxial direction 

of the fibronectin fibers (Fig 2 A). When the cells were cultured in differentiation 

medium, they began to undergo cell-cell fusion and formed into aligned, multi-nucleated 

myotubes over 7 days (Fig 2 B-D). Spontaneous contractions of the skeletal muscle 

engineered constructs (SMECs) were observed starting from 4 days post differentiation. 

The underlying fibrous scaffold had an estimated thickness of 10 µm, and was 

subsequently embedded into the cell produced extracellularmatrix (Figure 3 A-D). In this 

work, SMECs were produced by rolling layers of the cell seeded constructs into thick 3-

D tissue-like structures, as evident in figure 3 E. FVIII producing SMECs were derived 
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by transfecting the isolated myoblasts using a cFVIII minicircle plasmid (Sup Fig 1 F). 

After an initial drop of FVIII production during the cell differentiation, the FVIII 

production level maintained at approximately 1,000 mU per day (Fig 2 F) for over 30 

days. 

 

Host-donor tissue integration 

 The SMECs were implanted subcutaneously into the abdomen of mice to 

investigate host-donor tissue response over time (Fig 4 A). At 1 week, there was mild 

inflammation around the implants, a phenomenon commonly seen during tissue repair 

(Fig 4 B, Fig 5 A-B). Higher magnification of the implanted SMEC revealed very high 

cell to scaffold ratio, with noticeable number of developing myofibers (Fig 5 A). 

Immunostaining for fibroblasts and macrophages revealed significant amount of 

fibroblast infiltration but limited amount of activated macrophages (Fig 5 B). At 1 month, 

the implanted tissue reconstructed and was well integrated into the host skeletal muscle 

with nearly seamless host to donor tissue interface (Fig 4 C, Fig 5 C-D). The infiltration 

fibroblasts and macrophages have subsided at the 1 month time point (Fig 5 D). The 

implanted construct was stained positive for Ki 67, fast myosin heavy chain, desmin and 

ɑ-actinin, implicating that it resembles regenerating skeletal muscle (Fig 6 B, D-F). 

Since the implanted tissue was derived from homologous cell source, there was very little 

recruitment of cytotoxic T-cells (Fig 6 C). As a comparison, GFP myoblasts were injected 

intramuscularly and tracked for engraftment over time. Injected cells can be identified at 

1 week, but induced intense level of macrophage activation (Fig 5 E-F). At 1 month, the 

injected myoblasts were cleared out and only small number of macrophages was left at 
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the injected site (Fig 5 G-H). Such poor engraftment of injected myoblasts was widely 

documented23.There were two additional noteworthy observations made based on 

histology and immunostaining: transgene expression was still detectable 1 month post 

implantation (Fig 5 D, Fig 6 A), and the underlying fibrous scaffold was not observed 

implying the embedment into donor tissue extracellularmatrix.  

 

Induced angio/lymphangiogenesis as a resulted of released growth factors 

Figure 7-8 illustrated the effects of SMECs released growth factors on local 

vascular and lymphatic networks based on immunostaining for smooth muscle actin 

(SMA) and lymphatic vessel endothelial receptor 1 (LYVE-1). There were baseline levels 

of blood and lymphatic vessel infiltration around implants without encapsulated growth 

factors at 1 week (Fig 7 A) and 1 month (Fig 7 D). SMECs encapsulated with VEGFA 

induced two fold increase in infiltrating blood vessel density over construct alone and 

VEGFC encapsulated (Fig 7, Fig 8 C-D). The diameter of infiltrated blood vessels 

increased after 1 month, an indication of vascular network maturation (pink and red bars, 

Fig 8 C). Similarly, VEGFC group induced significantly larger and higher density of 

LYVE-1 vessels around the implants at 1 week and 1 month (Fig 7 E-F, Fig 8 A-B). It is 

noteworthy that both VEGFA and VEGFC groups showed no significant cross influence 

on vascular or lymphatic networks (Fig 8). Detectable higher gradient of VEGFA and 

VEGFC was observed in the respective groups at 1 week but not at 1 month (Sup Fig 3). 

Taken together, the data from figure 8 and supplementary figure 3 suggested that the 

induced angio/lymphangiogenesis was a result of higher local VEGFA or VEGFC 

gradient near the implant sites. 
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Implanted tissue engineered constructs result in phenotypic correction 

A bioavailability assay was conducted in order to evaluate how induced 

angio/lymphangiogenesis influence protein transport efficiency from the implant site into 

circulation. 8% of the injected hFVIII protein near the implant site was detected in the 

circulation in VEGFA group, as opposed to approximately 3% in the VEGFC and 

construct alone groups and no detectable hFVIII in the untreated control (Fig 9 A).  

Subsequently, FVIII producing SMECs were implanted into hemophilic mice to evaluate 

for phenotypic correction. In agreement with the bioavailability data, VEGFA group had 

statistically higher level of plasma FVIII (10%) over VEGFC (5%) and construct alone 

groups (Fig 9 B). The enhanced level of plasma FVIII sustained over 1 month period and 

slowly declined over time. At 2 month time point, however, VEGFA group still had 

significantly higher level of plasma FVIII (7%) over the other groups. There was 

undetectable level of anti-cFVIII antibody over 1 month, but the construct alone group 

showed gradual increase in antibody production (Fig 9 C). PTT assay performed at the 2 

month time point revealed significant reduction in coagulation time in the VEGFA group 

over construct alone, VEGFC and untreated groups (Fig 9 D). The observed coagulation 

time in the VEGFA group (47 seconds) resembles mild hemophilic manifestation. 

 

6.4 Discussion 

 This study introduces the use of co-axial electrospun fibers as innovative 

substrates for the engineering of biomimetic skeletal muscle tissue, and its application 

towards the treatment of hemophilia. The integration of the engineered tissue, 
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development of local networks and efficacy of implanted tissue in treating hemophilia 

were systematically investigated. Primary skeletal myoblasts were engineered via 

electroporation and antibiotic selection to avoid any use of viral vectors in the cell 

engineering process. This approach was strategically chosen to limit the potential of 

antigen presentation of FVIII protein, subsequent donor cell rejection and development of 

anti-FVIII antibodies. Furthermore, the minicircle canine plasmid design was tailored to 

induce a sustained level of transgene expression while providing higher level of protein 

functionality over human FVIII177. The engineered constructs (SMECs) were implanted 

subcutaneously in the abdomen region, a relatively non-invasive procedure that would 

account for the potential of bleeding during the surgery.  To facilitate fast tissue 

integration and efficient transport of produced FVIII, the SMECs were engineered to 

selectively induce angio/lymphangiogenesis.  

Electrospun fibrous scaffolds were used in this study to generate porous, 

biomimetic 3-D tissues that were rapidly integrated into the host tissue. The high cell-

substrate ratio and the integration of underlying fibrous scaffold into the skeletal muscle 

extracellularmatrix resulted in favorable host-donor tissue response by limiting the 

presentation of foreign materials (Fig 4). The lack of inflammation (macrophage 

activation and formation of fibrous capsule) and porous tissue layers enabled the 

seamless host-donor tissue integration into skeletal muscle as shown in figure 5. Tissue 

integration was observed at a faster rate than previously findings which involved 

scaffolds with acidic degradation byproducts (PLGA)178, 179, a phenomenon attributed to 

the limitation of undesirable inflammation and presentation of foreign materials. 

Avoiding chronic inflammation and establishing rapid tissue integration are important for 
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the development of infiltrating blood/lymphatic vessels, and thus optimizing the chance 

of success in the treatment of hemophilia.  

Equally as important is the aspect of localized angiogenesis versus 

lymphangiogenesis around the implant constructs in order to enhance transport efficiency 

of produced FVIII protein. The use of engineered constructs to induce localized 

angiogenesis has been previously investigated120, 180, 181. It has been demonstrated that the 

delivery of VEGFA alone induced leaky and non-functional blood vessels, and increased 

the potential of tissue edema and animal death at high dosage 120, 176. To counter the 

deleterious effects of VEGFA, it has been established that co-delivery with PDGF-bb 

resulted in the stabilization of infiltrating vessels174-176. Therefore, the co-axial 

electrospun fibers have been engineered to simultaneously deliver VEGFA and PDGF-bb 

to induce angiogenesis.  This study also investigates the novel approach of inducing 

lymphangiogenesis as a mean to enhance FVIII protein transport. Lymphatic system is 

generally responsible of regulating tissue osmosis and protein reabsorption, and the 

delivery of VEGFC can specifically stimulate local lymphangiogenesis173, 182, 183. 

However, the capacity of the lymphatic system to transport larger foreign proteins such as 

FVIII is unreported.  

Figure 8 suggests that there were significantly higher amount of vascular and 

lymphatic vessels around VEGFA and VEGFC implants, respectively. However, 

bioavailability study shows the induction of angiogenesis is significantly more effective 

in enhancing FVIII transport than lymphangiogenesis (Fig 9 A-B). Although there is 

higher level of lymphatic vessels developed around VEGFC implants, it did not translate 

into significant improvement in FVIII transport. This phenomenon can be possibly 
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contributed to the tortuous path through the lymph nodes, where proteins can be prone to 

degradation in the process. Whereas induced local angiogenesis allows the produce FVIII 

to access circulation directly. Another factor that resulted in more efficient protein 

transport in the VEGFA group is the potential of increased level of von Willebrand Factor 

around the implants, which can help the stability of the produced FVIII protein in the 

subcutaneous space and reduce its immunogenicity through complexation. 

 

6.5 Conclusion 

In this study, the integrated FVIII producing tissue engineered constructs resulted 

in the sustained elevation of plasma FVIII protein and the correction of hemophilic 

phenotype. In the VEGFA group, plasma FVIII level reached 10% (a level considered as 

phenotypic correction of hemophilia) over the first month. Blood coagulation time was 

significantly shortened in the VEGFA group at the 2 month time point. The encouraging 

results observed in this study enable the potential progression from mice to larger species, 

although it remains to be seen whether it is possible to produce a small patch to 

significantly increase plasma FVIII level in larger animals.  As shown in this study, 

continued innovation of sophisticated tissue engineering design would hold the key to 

effectively use cell therapy approaches to treat genetic disorders such as hemophilia.  
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6.6 Figure legends 

Figure 1: Core-shell electrospun fibers to provide sustained protein delivery.  

TEM (A) and SEM (B) images of the co-axially electrospun fibers. (C) Mono-axial fibers 

serve as a comparison to illustrate the core-shell structure. SEM (D) and confocal (E) 

images of encapsulated FITC-BSA within aligned co-axial fibers demonstrated uniform 

protein distribution within the fibers, compared to clusters of precipitated proteins in 

mono-axially electrospun fibers (F). Controlled release study of the encapsulated growth 

factors (PDGF and VEGFA in (G) and VEGFC in (H)) demonstrated that proteins were 

released in a sustained manner over a period of 30 days.  

 

Figure 2: Skeletal muscle tissue engineered on electrospun fibers. 

GFP myoblasts were seeded on aligned fibers and cultured under differentiation medium 

after 0 (A), 2 (B) and 7 days (C). (D) The differentiated skeletal muscle construct were 

stained with α-actinin (red) and DAPI (blue) to illustrate myotube assembly. (E) 

Transfected myoblasts maintained stable GFP expression over 9 weeks. (F) FVIII 

production from the FVIII engineered skeletal muscle construct averaged around 1U per 

day. The seeded cells were cultured in proliferation medium between days 0-5 and 

switched to differentiation medium between days 5-30. The transient drop off in 

production on day 7 is likely due to the initiation of cell differentiation.   

 

Figure 3: Microscopy images demonstrated that the underlying fibrous scaffold was 

integrated with the differentiating cell extracellularmatrix.  

(A) Bright field image of the skeletal muscle construct. Top view (B) and cross sectional 
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SEM images (C) revealed that cell-produced extracellularmatrix (average thickness of 20 

µm) encased the underlying scaffold. (D) Prior to cell culture, the scaffold had an average 

thickness of 10 µm. (E) H&E cross sectional view of the multi-layered SMEC. 

 

Figure 4: Host-donor tissue response at macroscopic level. 

(A) The SMEC was implanted subcutaneously into the abdomen of mice. (B-C) 

Histology images of the tissue cross section at 1 week (B) and 1 month (C) time points.  

 

Figure 5: Inflammatory response towards SMEC and injected myoblasts.  

(A-D) Histology and immunofluorescence images of the tissue cross section at 1 week 

(A-B) and 1 month (C-D) time points. The tissues were labeled for GFP (green), 

fibroblasts (blue) and macrophages (red) to evaluate for host-donor response and 

integration. As a control, the induced host response to injected GFP myoblasts was 

evaluated at 1 week (E-F) and 1 month (G-H). In panels b-c, S = skin, M = muscle, I = 

implant and F = fat. 

 

Figure 6: Integration of implanted tissue with adjacent skeletal muscle. 

1 month post implantation, the implanted tissue showed persistence of GFP signal (A), 

and was stained positive for Ki67 (B) and negative for cytotoxic T-cells (C). The 

implanted tissue was also stained positive for skeletal muscle specific markers such as 

fast skeletal myosin heavy chain (D), desmin (E) and α-actinin (F).  

 

Figure 7: Scaffold induced localized angio/lymphangiogenesis. 
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(A-F) Confocal microscopy images tracking localized angio/lymphangiogenesis around 

the GFP (green) SMEC at 1 week (A-C) and 1 month (D-F). In the group encapsulated 

with VEGF-A and PDGF-bb (B&E), there were significantly more developing blood 

vessels (labeled red for α-smooth muscle actin) in close proximity of the implant when 

compared to the construct alone group (A&D). Similarly, there was significantly higher 

density of lymphatic vessels (labeled blue for LYVE-1) around the group encapsulated 

with VEGF-C (C & F). * denotes statistical significance (P < 0.05) over construct alone, 

construct + VEGFC and control groups. 

 

Figure 8: Quantification of infiltrating vascular and lymphatic vessesls. 

The density and size of the developing vascular and lymphatic vessels were quantified 

and reported in (A-D). The lymphatic vessels that developed around the VEGF-C group 

remained larger in size (A) and higher in density (B) at 1 week and 1 month. Likewise, 

the VEGF-A group induced a higher amount of microvessels (< 35 µm) at both 1 week 

and 1 month time points (C-D). * denotes statistical significance (P < 0.05) over construct 

alone, construct + VEGFC and control groups, + stands for statistical significance when 

compared to contruct alone, construct + VEGFA and control groups. 

  

Figure 9: FVIII producing SMECs effectively alleviated hemophilic phenotype. 

(A) Bioavailability of injected FVIII near the implant site to evaluate protein transport 

efficiency from the subcutaneous space into circulation. VEGFA group has higher amount 

of plasma hFVIII (8%) compared to the other experimental groups.  (B) Plasma cFVIII 

level of hemophilic mice receiving different SMEC implants over a period of 2 months. 
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(C) Bethesda assay for potential development of anti-cFVIII antibodies over 2 months. 

(D) Blood coagulation time of different experimental groups at 2 month post SMEC 

implantation. Normal refers to non-hemophilic mice while untreated denotes untreated 

hemophilic mice. * denotes statistical significance (P < 0.05) over construct alone, 

construct+VEGFC and control groups, + stands for statistical significance when 

compared to construct+VEGFA and control groups.
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6.7 Figures 

 

Figure 1: Core-shell electrospun fibers to provide sustained protein delivery.  
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Figure 2: Skeletal muscle tissue engineering on electrospun fibers.
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Figure 3: Integration of electrospun fibers into cell produced matrix 
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Figure 4: Host-donor tissue response at macroscopic level. 
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Figure 5: Inflammatory response towards SMEC and injected myoblasts. 
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Figure 6: Integration of implanted tissue with adjacent skeletal muscle. 
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Figure 7: Scaffold induced localized angio/lymphangiogenesis.
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Figure 8: Quantification of infiltrating vascular and lymphatic vessesls
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Figure 9: FVIII producing skeletal muscle implants effectively alleviated hemophilic 
phenotype. 
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6.8 Supplementary figure legends 

Supplementary figure 1: Isolation of primary myoblasts and induction of stable transgene 
expression.  
 
Primary myoblasts isolated from hindlimb of mice were labeled with α-actinin (A) and 

desmin (B) and counterstained with DAPI. The isolated population was 90% positive for 

desmin (C) and MyoD (D) based on flow cyometry. (E) GFP myoblast clones were 94% 

GFP positive even after 8 weeks of transfection. (F) Plasmid map of engineered mini-

circle plasmid used to derive FVIII myoblast clones. 

 

Supplementary figure 2: GFP myoblast attachment on aligned electrospun fibers with 
different matrix coatings. 
 
Primary myoblasts were seeded on (A) uncoated, (B) collagen I, (C) fibronectin and (D) 

matrigel coated aligned PU electrospun fibers for 1 hour. Myoblasts adhered poorly on 

uncoated fibers and collagen I coated fibers, but attached and elongated on fibronectin 

and matrigel coated fibers.  

 

Supplementary figure 3: Immunostaining for localized growth factor gradient of VEGF-A 
and VEGF-C.  
 
Immunostaining of tissue sections with anti-VEGFA (red in A-B, D-E) or anti-VEGFC 

(red in C & F) to probe for the presence of localized growth factor gradient around the 

GFP (green) SMEC implants at 1 week (A-C) and 1 month (D-F). Panels A & D are 

SMEC implants, panels B & E are constructs encapsulated with VEGF-A and panels C & 

F are constructs encapsulated with VEGF-C.



 - 148 -

6.9 Supplementary figures 

 

 

Supplementary figure 1: Isolation of primary myoblasts and induction of stable transgene 
expression. 
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Supplementary figure 2: GFP myoblast attachment on aligned electrospun fibers with 
different matrix coatings. 
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Supplementary figure 3: Immunostaining for localized growth factor gradient of VEGF-A 
and VEGF-C.  



 - 151 -

7. CONCLUSION/FUTURE PERSPECTIVES 

In this dissertation, the use of electrospun fibers as drug delivery vehicle and 

skeletal muscle tissue engineering scaffold have been thoroughly investigated. The 

functionality of electrospun fibers was enhanced by the design of co-axial electrospinning. 

This technology enabled the fabrication of core-shell electrospun fibers which can 

function to efficiently encapsulate and release delicate growth factors and biological 

entities without compromising their biological properties. As a tissue engineering 

scaffold, in this dissertation it is established that aligned polyurethane fibers serve to 

align and induce stretch on the seeded myoblasts. The stretching effect on the cell 

cytoskeleton accelerated the myotube assembly process and resulted in the enhanced 

maturation of engineered skeletal muscle. The use of co-axial electrospun fibers as 

controlled delivery device and skeletal muscle scaffold was applied towards the treatment 

of hemophilia. The electrospun fibers were engineered to sustainly deliver 

angiogenic/lymphangiogenic growth factors and enhanced the bioavailability of the FVIII 

produced by the skeletal muscle engineered on the fibers. Hemophilic mice implanted 

with skeletal muscle construct releasing angiogenic growth factors experienced rapid 

host-donor tissue integration and phenotypic correction for the experimental period of 2 

months. In summary, core-shell electrospun fibers were demonstrated in this dissertation 

to be able to serve as a biomimetic tissue engineered platform and simultaneously have 

tuneable biofunctionality. I envision that electrospinning technology can continue to be 

an integral piece of puzzle in the area of regenerative medicine in the years to come. 

Advances in producing biological tissue derived (e.g. collagen and hyaluronic acid) 
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electrospun fibers can circumvent the use of non-biological materials while providing 

unaixial topography motifs that are present in many tissue structures.  
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