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ABSTRACT 
 
 

This work is concerned with synthesis and characterization of electrospun nanofibers for 

advanced drug delivery and cell culturing. Poly-ε-caprolactone (PCL), composed of different 

inclusions such as gentamicin, plasmid DNA, and gelatin, is used to fabricate nanofibers using 

electrospinning for drug delivery and cell culturing. The plasmid DNA enhanced green 

fluorescent protein (EGFP) with cytomegalovirus (CMV) promoter (PCMVb-GFP) was 

amplified with Escherichia coli (E. coli). PCL was chosen because it has been approved by the 

Food and Drug Administration (FDA) in implantable material applications used in the human 

body, and it has biocompatible and biodegradable material, which plays a critical role in tissue 

engineering, wound healing, and drug delivery. The main reason for using electrospun 

nanofibers in this study is because it has high surface area, porosity, and permeability.  Scanning 

electron microscopy (SEM) images show that the nanoscale fiber structures have a diameter 

ranging of 50 to 250 nm with some bead formations. The cytotoxicity study revealed that PCL 

nanofibers are not toxic, and cell viability was above 70%. An energy dispersive x-ray 

spectroscopy (EDS) was used in order to confirm the ratio of the gelatin component in the fibers. 

To visually express the inclusion of gentamicin in the fibers a fourier transform infrared (FTIR) 

spectroscopy was used. Differential scanning calorimetry (DSC) and thermal gravimetric 

analysis (TGA) techniques were also applied on the prepared sample. Overall, this study showed 

that PCL is a good candidate for several biomedical applications and may open up new 

possibilities for particularly DNA, gene, nerve cell myelination and drug delivery purposes. 
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CHAPTER 1 
 

INTRODUCTION 
 
 

Electrospinning is a physical process that uses electrostatic power to form fibers from a 

fluid solution or liquid melt. The electrospinning methodology has become extremely popular as 

a remarkable technique for processing nanofibers in the laboratory. For example, well-

established industries use electrospinning to fabricate efficient filters. When investigating the 

history of any specific technology, it is difficult to sift through the progression of civilization and 

science. The inventions record starts with current electricity generation and insulation. 

Electrospinning would not be possible in the absence of these processes [1]. The historical 

account of the electrospinning development over time is large, and in this dissertation, the most 

important material related to electrospinning was selected to understand its progression. The 

research and development of electrospinning have been undertaken by the industrial sector; 

unfortunately, a large amount of information is hidden because of its commercial sensitivity. It is 

generally known that the story of electrospinning begins with the considerable contribution of 

Anton Formals in the 1930s, but the history of this industrial process started 30 years before that 

with the work of J. F. Cooley and 10 years prior to Cooley with a process description by C.V. 

Boys.  

In the seventeenth century, during the time of Queen Elizabeth I, William Gilbert 

investigated the electrostatic attraction of fluid; this is the first recorded investigation of this sort. 

He was president of the Royal College of Physicians and the Queen’s personal physician. Gilbert 

was a supporter of scientific investigation. He discredited the notion that garlic could influence 

the working of the magnetic compass and that diamonds, when utilized as a rubbing material for 

a magnet, might inverse its polarity. He proved that electrostatic and magnetic attractions are 
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different phenomena. Gilbert developed the fluid drop and cone shape, which is the first record 

of the deformity of a fluid drop, known as the Taylor cone [2]. In 16903, Gilbert died of the 

Black Death in London. His position in court did not afford him the right to healthy conditions in 

the city. 

In the eighteenth century, a static electricity charge was created by a triboelectrical 

charge, meaning via the friction of two materials. In the nineteenth century, technology 

developed along with the generation of high-voltage electricity. This accomplishment was due to 

the improvement of science during the century. George Mathias Bose, who is probably the 

Leyden jar co-inventor, defined the application of high electric potentials to drops of fluid 

turning to aerosols [3]. The Von Guericke triboelectrical static electricity generating machine 

was developed by Bose, who added a charge collector.  He published his results as poems [4]. 

In the nineteenth century, Louis Schwabe was the inventor of the extrusion spinneret. For 

the test material, he used glass and spun fibers to make demonstration pieces similar to William 

and Sowerby’s glass damask. In 1840, this damask was displayed at the Manchester Mechanics 

Institute [5]. George Audemars of Lausanne, Switzerland, patented a procedure for turning 

collodion, which was removed from mulberry trees. His initial experiment involved dipping a 

needle into a solution and drawing it out, dragging a long thread of quickly hardening collodion 

behind it [6], a process which proved to be time-consuming. In 1873, Joseph Antoine Ferdinand 

Plateau, from the University of Ghent, developed a good understanding of the nature of segments 

of fluid by characterizing experiments with the separation of sections of molten iron and mercury 

[7].  John William Strutt, known as Lord Rayleigh, admitted taking the phenomenon from 

Plateau’s work when he published the model of column breakup [8]. The idea that a column of 

liquid will break up into droplets as soon as the length exceeds its circumference was 
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demonstrated experimentally by Strutt using a stroboscope [9]. Talented physicist Charles 

Vernon Boys built a torsion balance to measure the universal gravitational constant and the 

density of Earth in 1888 [10]. What the torsion balance needed was stable and reliable 

suspension fiber. Boys used an old, but known, electrical spinning process consisting of a small 

dish, which was insulated and connected with an electrical machine [11]. He was able to draw 

fibers from a number of different melts, for instance, from beeswax, shellac, gutta-percha, 

sealing wax, and collodion. He was also able to control the formation of beaded threads. 

However, the fibers he produced did not have the mechanical properties required for the torsion 

balance. Then he selected fused quartz as the proper material. This material was not fit for 

electrospinning, so he created a method of drawing a fiber, which involved fastening a fragment 

of fused quartz to a crossbow bolt, heating the fragment, and firing the crossbow. From this 

process, the fiber was wound onto a wooden former. The achievement here was quite good in 

that he obtained a fiber 90 feet in length with a thicknesses estimated to be less than 1/100,000 

inch, or about 254 nm, which was definitely below the resolution of any available optical 

microscope. 

In the twentieth century, John Francis Cooley, a professional inventor and electrician 

from Penn Yan, New York, invented a rotary steam engine, or pump progenitor of a rotating 

cycle, later used in the Wankel engine and a flying machine at Rochester, New York. Cooley’s 

machine came only seven years after the Wright brothers, and it was 80 feet (24 m) long with a 

42-foot (12-m) wing span and required a crew of two. The flying machine never left the ground 

and was finally seized by court order due to an unpaid grocery bill. Cooley filed the first 

electrospinning patent [12].  
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Anton Formhals made very important contributions to the development of 

electrospinning and attained 22 patents. His first development was a machine design based on a 

saw-toothed rotating fiber emitter [13]. Between 1964 and 1969, Sir Geoffrey Ingram Taylor 

made an important advance in the theoretical foundation of electrospinning. His work 

contributed to the fact that mathematical modeling under the influence of an electric field made 

the shape of the cone formed by the fluid droplet [14], known as the Taylor cone. Reneker 

popularized the name “electrospinning” for the process and showed that many organic polymers 

could be electrospun into nanofibers [15].  

Electrospinning is a procedure that creates sub-micron and nanosize fibers possessing qualities 

such as a high surface area and superior physical properties that are mechanical, electrical, and 

thermal assets in comparison to their bulk-size fibers. Electrospinning can be correlated to the 

relative principle of spinning solutions in high DC electric fields. Under appropriate conditions, 

virtually any synthetic and naturally occurring polymer can be attained through electrospinning. 

During the process, in order to overcome the surface tension exerted by the polymeric solutions a 

high voltage or electric field is used. Once the threshold intensity is reached, which is a certain 

limit, the intensity of the electric field is elevated above a point in which the hemispherical 

surface of the polymer solution at the end of the capillary tube begins to elongate and form into a 

structural Taylor cone [16]. Electrospun fibers are obtained from plastic stretching of a 

polymeric solution jet. At the same time as plastic stretching of the polymeric solution, the 

solvent evaporates and the polymer solidifies at micro- and nanoscales on a grounded surface. 

 Electrospinning is derived from the term “electrostatic spinning” due to the fact that an 

electrostatic field is used to fabricate fibers. The use of this word has been increasing since 1994 

[17, 18]. The electrospinning process was first patented by Formhals in 1934 [17]. In 1969, 
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Taylor studied the shape of the polymeric droplet at the end of a capillary tube, which revealed 

that a jet is ejected from the apex of cone (later termed Taylor cone) [16]. After this discovery, 

many researchers around the globe began to focus on the fabrication and characterization of 

electrospun fibers. Compared to other conventional methods such as melt spinning, wet spinning, 

extrusion spinning, and so on, electrospinning is relatively the easiest and most direct process of 

fabricating a non-woven mat of polymer fibers. Electrospinning offers the advantage of fibers in 

the micro to nano range. In addition, electrospinning presents a high surface-to-volume ratio 

compared to conventional fiber-forming techniques [19]. 

 Electrospinning is not a new discovery or technique for manufacturing submicron-size 

fibers. It has been used since the 1930s; however, until recently, it was never able to obtain 

industrial importance because of the low productivity of and lack of interest in resultant 

products. Today, special needs for biomedical, filtration, sensor, textile, and military applications 

have rejuvenated interest in this technique [20, 21]. Electrospinning produces a very slim-

charged jet by using a high electric field or force on the surface of a polymeric solution. This 

polymeric solution is then apprehended by surface tension at the end of the capillary tube. The 

liquid meniscus emerging from the capillary has a stress of , where  is the surface tension of 

the polymeric solution and  is the radius of the meniscus. The stress created as a result of the 

applied field, also known as Maxwell stress, can be given by  

  (1.1) 

where  is the permittivity,  is the applied voltage (spinning voltage), B is the magnetic field, 

and  is Kronecker’s delta. After disregarding the magnetic aspect and dividing by 2, where  

is the distance between the capillary tube and the collector screen, equation (1.1) can be reduced 

to [22] 
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    (1.2) 

Other forces acting on the polymeric solution that are not taken into account due to their 

very little effect compared to the high-electrostatic force include inertia, hydrostatic pressure, 

and viscoelastic forces. Balancing the Maxwell stress and the capillary stress will yield the 

critical spinning voltage   that needs to be overcome in order to initiate electrospinning [22]: 

   (1.3) 

 Polymeric solutions are generally electrospun at 7–10 kV DC; however, in order to 

produce fibers at nanoscale, the applied voltage must be higher than 10 kV. When a charge is 

exerted onto the polymeric solution, the mutual charge repulsion prompts longitudinal stresses, 

due to the fact that the point charges cannot be sustained in a static equilibrium. This is called 

Earnshaw’s theorem. 

Once the intensity of the electrostatic field surpasses the threshold limit, Vc, the 

hemispherical shape of the droplet emerging from the capillary tube develops into a conical 

shape known as the Taylor cone [16, 23]. First, the jet extends linearly for a typical distance of 

2–3 cm, called the jet length [24, 25], and then instability occurs beyond the relaxation of the jet, 

in which it bends and follows a conical spiral looping path, as shown in Figure 1.1 [24]. The 

instability is due to the interaction of charges in the electrified jet. The electrostatic field extends 

the jet thousands of times, which results in it becoming very slim, typically in the nano range. 

Lastly, the solvent evaporates and the adequate fibers are accumulated onto a screen placed some 

distance away from the capillary tube.  
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Figure 1.1: Conical spiral looping formation during electrospinning process. 
 

Electrospun nanofibers have a diameter ranging in the range of 3–500 nm. The main 

advantage of the electrospinning process is its ability to produce nanofibers in a shorter period of 

time. A vast number of sizes and shapes of fibers can be contrived from numerous polymers. By 

changing the system and process parameters, the morphology and surface features of electrospun 

fibers can be controlled. The process of electrospinning process involves many branches of 

science and technology including mechanical, electrical, polymer, fluid mechanics, rheology, 

and material science [24].  

Polymer nanofibers are used in many applications such as filtration [26, 27], protective 

clothing [28], and biomedical including wound dressing [29, 30], artificial blood vessels [31, 32], 

sutures, and drug delivery systems [24]. Aside from these, other applications include solar cells, 

fuel cells, batteries, super capacitors, light sails, photonic devices, and mirrors [24, 33]. 

Nanofibers also offer tremendous advantages in applications such as pesticides applied to plants, 

structural elements in artificial organs, scaffolds for growing cells, and improved food protection 

[24, 34], and they provide support for enzymes or catalysts that have the potential to promote 

chemical reactions and reinforcements for composites [24, 35, 36]. The surface of electrospun 

nanofibers can be coated with various substances in order to modify the nanofiber surface. 
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Nanofibers may also be used as templates in order to make small tubes. Ceramic or carbon 

nanofibers derived from polymer precursors extend nanofiber applications involving a high 

temperature [37, 38]. Ceramic electrospun fibers can be produced by either a sol-gel mixture or a 

mixture of inorganic and organometallic compounds with a guide polymer. Polymeric 

electrospun nanofibers can also be coated with a solution of inorganic metallic and 

organometallics. In all cases, the electrospun nanofibers remove the organic substances in an 

ambient condition, which is then converted into ceramic electrospun nanofiber [24].  

Many substances can be processed through electrospinning in order to fabricate 

nanocomposite nanofibers. Prior to being electrospun, a few small insoluble particles can be 

dispersed into a solution. These small particles can be encapsulated within dry nanofibers. The 

matrix that supports additives/inclusions are provided through the polymer nanofibers and 

nonwoven mats of nanofibers. Many useful substances can be incorporated into electrospun 

nanofibers. Simultaneously, different polymers dissolved in the same solvent can be electrospun 

to form nanofibers with the polymers in separate phases [24].  

1.1 Pioneering Studies 

 Electrospinning is not a new technology and has been around for a long time. It was first 

pointed out 369 years ago by William Gilbert, after he discovered that a spherical drop of water 

on a dry surface is drawn into a cone when a piece of electrically charged rubber amber is kept at 

an acceptable distance above it [16]. This discovery was the start of the electrospinning process. 

Rayleigh [24, 39, 40] focused his study on the hydrodynamic stability mechanism of a liquid jet 

in the presence and nonappearance of an applied electrostatic field. In 1882, Raleigh observed 

the instability mechanism in an electrified liquid jet, expressed as an electrostatic force that 

disables surface tension, which then acts in the opposite direction throwing out the liquid in the 
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form of fine jet [24]. In the year of 1960, researcher Taylor [41, 42, 43] observed the 

disintegration of water drops and discovered that the conical interface between two fluids cannot 

occur under an electrostatic field while being in an equilibrium state. Taylor observed that the 

water droplets elongated at the bending of instability at the ends and are then transformed into a 

conical shape possessing a semi-vertical angle of 49.3. This discovery of the first development 

for the Taylor cone was then thoroughly discussed by researchers all over the world [24]. 

 Electrospinning of a polymeric solution has been used since the 1930s. Formhals’ patents 

[13, 44] include various experimental setups, the collection of electrospun fibers, and other 

applications he used during that time. Bumgarten [45] in 1971 and Subbiah et al. [46] in 2005 

generated a successful electrospun microfiber when using a polyacylonitrile/ dimethylformamide 

solution. High voltage was applied to a stainless steel capillary tube containing a suspended 

polymer solution. These authors discovered that the diameter of a jet approaches a minimum 

value with an initial increase in the applied voltage and then increases with an increase in the 

applied field. Larrando and Manley [46] observed the relationship of melt temperature and fiber 

diameter of ethylene and polypropylene, and discovered that the fiber diameter decreased as the 

melt temperature increased. In 1987, researcher Hayati [46] established that the effects of an 

electrostatic field, process conditions and parameters on electrospun fibers. Hayati discovered 

that the conducting polymeric solution that had a high applied electrostatic field that generated 

an unsatisfactory and unstable jet, which looped around various directions.  

 In the years 1994 and 1995, Doshi and Reneker [47, 15] observed the performance of 

polyethylene oxide when gone through the process of electrospinning. Srinivasan and Reneker 

[48] were electrospun a liquid crystal system, polymer solution (p-phenyleneterephthalamide) in 

sulfuric acid along with an electrically conducting polymer poly (aniline) in sulfuric acid. The 
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first real emergence of the electrospinning process began in 1995 when Reneker and his fellow 

coworkers started publishing numerous research papers on electrospinning the potential 

applications in different industries [24]. The electrospinning method was used by Chun [49] and 

Fong et al. [19], between the years 1995 and 1999 to produce nanofibers from different 

polymeric solutions, such as amic acid and acrylonitrile. 

In 1996 and 1998, Jaeger and co-workers [50, 51] electrospun poly (ethylene oxide) fiber and 

used a scanning probe microscopy to characterize the electrospun fibers they produced. Around 

the years of 1997 through 1999, Fang, Reneker [52], and Fong [53] produced nanofibers through 

the process of electrospinning by using a polymeric solution of Nylon 6 and polyimide. In 1999 

and 2007, Kim and Reneker [36] and Xu et al. [35], respectively, researchers observed the 

reinforcements effect inside a rubber and epoxy matrix in electrospun nanofibers. In the year of 

1998, Stenoien used the process of electrospinning to fabricate a silicon polyester composite 

vascular graft [54]. Zarkoob [55] in 1998 and in Zarkoob and et al. [56] in 2004 used 

electrospinning to produce silk nanofibers and compared them with naturally occurring silk 

fibers. In the year 2000, Huang and his peers [57] studied the electrospinning of synthetic 

elastin-mimetic peptide. 

Reneker et al. [33] and Fong et al. [19] established the electrospinning of beaded 

nanofibers of poly (polyethylene oxide). Gibson et al. [58] researched the transport properties of 

electrospun fiber mats and discovered that nanofiber layers offer less resistance to moisture 

vapor diffusional transport. In 2001, Diaz et al. [59] fabricated a conducting electron mat by 

mixing a conducting material, polyaniline, doped with camphorsulfonic acid and poly (ethylene 

oxide). Due to the porosity effects of the fiber texture, the conductivity of the electrospun mat 

where found to be lower than the cast film. Kim and Lee [60] focused on the thermal 
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characterization of the electrospun polynapthalene terephthalate, polyethylene terephthalate, 

polyethylene terephalate- co-polynapthalene terephthalate, and polyester. Bognitzki et al. [61, 

62] electrospun polylactide-retrieved organic solutions in dichloromethane with the addition of 

an organosoluable, such as tetraethyl benzylammonium chloride or poly(ethylene oxide). More 

than 300 research papers were published on electrospinning in 2004.  

1.2 Conventional Electrospinning 

1.2.1 Initial Electrospinning Process 

When the electric field in the electrospinning process reaches a critical value, repulsive 

forces overcome the surface tension, and an unremitting charged jet of liquid is cast out from the 

tip of the cone. Repulsive forces are caused by the interaction of the applied electric field and the 

jet’s electrical charge.  Ions located in the polymeric solution react and move in response to the 

electric field and are transfered into a force. The product of the electrostatic field and the 

movement of the charge carriers is the drift velocity of the charge carriers in a liquid polymeric 

solution [63]. Charge carriers in a polymeric solution generally have low movement, but in an 

area where the polymeric solution is active at a high velocity (higher than the drift velocity of 

charge), they move at the velocity of their surrounding molecules [63]. Rayleigh predicted the 

maximum amount of charge that a droplet of polymeric solution could take before the 

electrostatic field exceeds the forces associated with the surface tension [63].  Roth and Kelly 

explained the dissolving droplet as various small droplets holding approximately 5% of the mass 

and 25% of the charge [63].  

The narrowing of the jet caused by bending instability is linked with the change in 

electrostatic force per surface area of the fiber. The jet starts to stretch and flog around, creating 

a single nanofiber as it travels towards the grounded collector screen. The majority of the solvent 
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evaporates as the jet travels to the screen [23]. The electrospinning technique is closely related to 

the commercial process of making microscale fibers, except for the fact that electrostatic 

repulsion is used between surface charges rather than a mechanical or shear force as the drawing 

force. The flow rate of the polymeric solution can be controlled by a syringe pump. The distance 

between the grounded collector and the tip of the capillary tip can be alternated. A greater 

distance (20–30 cm) between the grounded collector and the capillary tip is generally used. 

Figure 1.2 shows a schematic view of the conventional electrospinning process.  

 
 

Figure 1.2: Schematic view of conventional electrospinning process. 
 

1.2.2 Coaxial Electrospinning Process 

 An extended form of electrospinning is known as coaxial electrospinning, which consists 

of a central tube nozzle with a muzzle on one side. Two polymeric solutions needed for the core 

and sheath materials are independently fed into the central tube nozzle from which they are 
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extruded concurrently [63]. A complex droplet comes from the central nozzle, as shown in 

Figure 1.3.  

 
 

Figure 1.3: Schematic view of coaxial electrospinning. 
  

A compound Taylor cone emerges when a high electrostatic field consisting of core 

material surrounded by sheath material is applied, and the jet undergoes the same bending 

instability effect as experienced in traditional electrospinning, followed by evaporation of a jet. 

The jet is then solidified and collected on a collector screen in the form of one fiber [63]. 

1.2.3 Rotating Disk Electrospinning Process  

Industrial applications call for uniformly situated fibers without beads and pores. The 

electrospinning process produces and results in uniformly dispersed fibers without a beaded 

structure. A uniform coat of fibers can be formed by rotating the collector (target), as shown in 

Figure 1.4. The jet under the influence of an electrostatic field experiences bending instability, 

due to the interactions of surface charges, as it flows from the tip of the capillary tube to the 
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rotating disk (drum). It is then assembled together onto the rotating disk, which is moving at a 

constant velocity. A thick continuous film of nanofibers can be produced using this process.  

 
 

Figure 1.4: Schematic of electrospinning with rotating disk [63]. 
 

1.2.4 Needleless Electrospinning Process 

 Due to the fact that electrospinning is a low-production process, efforts such as increasing 

the number of needles (multiple needle setup) and using the air jacket to improve the solution’s 

flow rate are being made to further the productivity of electrospinning [63]. Needle-electrospun 

nanofibers have not been used widely because of the low production rate, i.e., 0.3g/hr, even 

though they have tremendous industrial applications [63]. Since each nozzle generates only one 

jet in needle electrospinning, productivity is low.  In a multiple-needle setup, a large working 

area is mandatory so that strong interactions between adjacent jets can be avoided, and materials 

must be cleaned systematically to stop polymeric solution blockage in nozzles [63].  
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 Needleless electrospinning technology has recently been a substitute for addressing the 

issues of low production and a large working space. Needleless electrospinning (Figure 1.5) is 

characterized by direct fibers generated from an open liquid bath. In this process, numerous jets 

start off simultaneously from the liquid bath without any capillary effect, which is frequently 

observed and common in needle electrospinning. The jet initiation process in needleless 

electrospinning is self-organized; therefore, it is difficult to control the spinning process [63].  

Fiber morphology, quality, and productivity are determined by spinnerets in needleless 

electrospinning. Figure 1.5 shows the experimental setup for this process. A copper spiral coil is 

used as the fiber generator [63]. The coil is rotated at 40 rpm in a liquid bath that is filled with a 

polymeric solution [63]. The liquid solution becomes charged with the addition of an electrode, 

and a rotating drum covered with aluminum foil is used to collect the fibers. Needleless 

electrospinning produces finer and uniformly oriented fibers with much higher productivity.  

 
 

Figure 1.5: Schematic of needleless electrospinning process. 
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1.3 Non-Conventional Electrospinning 

1.3.1 Near-Field Electrospinning Process  

Conventional electrospinning manufactures limited materials for industrial applications 

by producing non-woven randomly oriented fibers. For industrial applications, fibers must form 

uniformly ordered arrays rather than randomly oriented arrays [63]. Random fiber orientation is 

mainly important for its bending instability of the electrified jet in the conventional 

electrospinning process. Near-field electrospinning is an effective process for better fiber 

alignment and control [63]. Here, a positive charge is added to the polymeric solution, and the 

collector screen is grounded, similar to conventional electrospinning. The distance between the 

capillary tip and collector screen is reduced, typically to 0.5–3 mm. In order to introduce a 

charge to the polymeric solution, a critical voltage of around 1.4 KV is applied [63]. At this low 

voltage, a droplet of polymeric solution forms at the tip of the capillary tube without initiating 

the electrospinning process [63]. Following this, an array of sharp tips with diameters of 20 m 

is put into this droplet and then quickly removed. This results in numerous jets emerging from 

the droplet [63]. To ensure effective emanating of the jet from the droplet, the distance between 

the two adjacent tips should be more than 50 m. The repulsive forces between adjacent jets 

keep the fibers from merging together, creating orderly oriented fibers. Figure 1.6 shows a 

schematic of non-conventional electrospinning. 
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Figure 1.6: Schematic of non-conventional electrospinning process. 
 

1.3.2 Rotating Drum and Translating Spinneret Electrospinning Process 

By rotating the collector drum and translating the spinneret, a continuous and uniform 

film of fiber can be produced. The rotational speed and translating movement of the spinneret are 

the key parameters in this process. Conventional electrospinning produces a non-uniform film of 

fibers; however, this process has the advantage of a high production rate, better process control, 

better alignment, and fiber uniformity. Figure 1.7 shows a schematic of electrospinning with a 

rotating drum and translating spinneret [63]. 
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Figure 1.7: Schematic of electrospinning with rotating drum and translating spinneret. 
 

1.3.3 Rotating Electrodes Electrospinning Process 

Rotating the strings of electrodes in the bath of polymeric solution and placing a collector 

screen above this is another way to improve the production rate of electrospun nanofibers. The 

electrodes are usually connected to the positive terminal of the power supply, and the collector 

screen is either grounded or connected to the negative terminal of the power supply. This process 

eliminates the use of multiple spinnerets and replaces them with strings of electrodes, thus 

providing a better control process and easy fabrication. This process is cost effective and faster 

than electrospinning with multiple spinnerets. Figure 1.8 shows a schematic of electrospinning 

with a rotating string of electrodes [63]. 
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Figure 1.8: Schematic of electrospinning with rotating string of electrodes. 
 

1.4 Effects of System and Processing Parameters on Electrospun Fibers 

Processing parameters and system parameters have a big impact on the morphology and 

diameter of electrospun fibers. Two parameter groups that affect the electrospinning process are 

as follows [64]: 

 System parameters 

  Processing parameters 

1.4.1 System Parameters 

System parameters include the following: 

 Surface tension 

 Molecular weight  

 Viscosity 

 Effect of polymer and solvent 

 Solution conductivity 

1.4.2 Surface Tension 

 The electrospinning process should begin after the surface tension process. The aim here 

is to overcome the surface tension of the solution, and to do that, a high charge must be applied 
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to the polymer solution. In this process, stretching takes place as well. When the surface tension 

of the solution is high, nanofibers with bead or pore formation can be observed. Figure 1.9 shows 

the initial electrospinning process of a fiber being electrospun from a polyvinyl alcohol (PVA) 

solution. 

 

Figure 1.9: Image of initial electrospinning process [64]. 
 
1.4.3 Molecular Weight and Viscosity 

One of the conditions in the electrospinning process is the polymer. A breakage of the 

fibers formed indicates that the polymer lacks the appropriate molecular weight and viscosity. If 

the molecular weight is high, then the length of the polymer chain is also high. Also, viscosity 

and more entanglements is present, which prevent breakage of the fibers. Viscosity is important 

because of the direct effect on the diameter of the electrospun fiber. Viscosity can stop the 

electrospinning process before it starts due to high viscosity. Most of the time, having high 

viscosity results in a larger fiber diameter, and again, pores and beads are not formed [64]. 

Figure 1.10 shows polymer and solvent molecules. As can be seen in Figure 1.10 (A), the higher 

the viscosity, the better the dispersion of the solvent molecules, and in Figure 1.10 (B), 

agglomerated solvent molecules have lower viscosity. 
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Figure 1.10: Image of polymer and solvent molecules [64]. 
 
1.4.4 Effects of Polymer and Solvent 

The essential way to choose a solvent is by examining the solubility parameters. To 

understand whether a solvent is good or not, the interaction between polymer and solvent 

molecules must be observed. If the interaction is good, then the solvent is good. Good 

interactions among molecules lead to the dissolution of the polymer. Many polymers are 

available, and their solvents are not all the same. The main factor to look for when choosing the 

right solvent is the dissolve parameter—whichever solvent makes the polymer dissolve quickly 

is the correct solvent for that polymer [64].  

1.4.5 Solution Conductivity 

 Stretching of the solution that occurs in the electrospinning process is due to the surface 

charge. A solution that has higher conductivity means there is more surface charge and is very 

easy to stretch. Polymers themselves have less conductivity. The addition of electrolytes and 

calcium chloride can increase their conductivity by producing ions and hence the voltage 

required to fabricate smooth fibers. Ions sizes are important as well because smaller-sized ions 

move very fast in comparison to larger ions. This process is important because the elongation 

will be greater and the fiber diameter will be reduced. Figure 1.11 shows charges on the surface 

of the solution. 
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Figure 1.11: Schematic illustration of charges on surface of solution [64]. 
 
1.4.6 Processing Parameters 

 The morphology of fibers depends upon the flow rate of the solution. When resulting 

fibers with defects such as beads and pores shows that there is an excessive flow rate. A 

compromise has to be established between the minimum and maximum for the polymer 

concentration. If the polymer concentration is very high, the beaded structure defect will be 

formed.  As the polymer concentration increases, at the same time the diameter of the 

electrospun fibers increases. When the polymer concentration increases, the shape of the beaded 

structure will transform from a spherical to a spindle figure [64]. Some process parameters are 

given below:  

 Electric potential (voltage) 

 Feed (flow) rate  

 Polymer concentration   

 Collector plate  

 Diameter of needle  

 Distance between tip and collector 

 Temperature and humidity 
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 Air velocity 

1.4.7 Collector Plate and Needle Diameter  

 To start the electrospinning system, there must be an electric field between the tip and the 

collector. Conductive material is used as the collector in the electrospinning process. Charges 

will dissipate at the collector, thus permitting fibers to gather on the collector. Compared to a 

conductive plate, a nonconductive plate may lead to fewer fibers accumulating on the collector. 

A smaller-diameter needle lessens the possibility of bead formation and decreases the fiber 

diameter. However, the diameter of the needle should not be too small, or the extrusion cannot 

be performed. 

1.4.8 Distance between Tip and Collector 

A short distance between the tip and the collector will lead to a shorter flight time and a 

higher electrical field. A shorter flight time means that there is not enough time for the solvent to 

evaporate, possibly leading to bead formation. An increase in the distance between the tip of the 

syringe and the collection screen will lead to a reduction in fiber diameter.  

1.4.9 Temperature, Humidity, and Air Velocity 

Most of the time, the electrospinning process occurs at room temperature. Temperature is 

an important parameter because conducting the electrospinning process above room temperature 

will reduce the fiber diameter. During the process, increasing humidity also helps to reduce fiber 

diameter. Having a high air flow will increase the evaporation rate because of the convection and 

will help reducing fiber diameters [64]. 
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1.5 Functional Materials and Devices  

1.5.1 Composite Reinforcement 

 Composite materials have been receiving keen interest from researchers for the past two 

decades. Producing composite materials with improved mechanical strength and other 

performance can be done by using fiber-based reinforcement. Electrospun nanofibers have 

advantageous mechanical properties compared to traditional microfibers. They also have a higher 

surface-to-volume ratio compared to conventional fabrics [65]. Furthermore, interaction between 

the fibers and the matrix may improve considerably by using nanofiber-reinforced composites, 

which will lead to better reinforcement than conventional fibers. Nanofiber-reinforced 

composites not only improve mechanical strength but also provide greater transparency [18].  

1.5.2 Filter 

 Filtration is required for most engineering fields and is also necessary in most places such 

as hospitals, industries, and so on. Filtration is a huge market, estimated to be 700 billion US 

dollars for the year 2020 [18]. Polymeric nanofibers have been used in filtration applications. 

Polymeric nanofibers have exceptional properties, for example, high surface area, high porosity, 

and excellent surface adhesion. Nanofibers can be used as filtering media for separating out 

particles in the submicron range.  

1.5.3 Smart Textiles and Protective Clothing 

Nanofibers can be used in protective clothing as well as in other fabrics. Clothing made 

from electrospun nanofiber membranes are capable of neutralizing chemical agents, without the 

impedance of air and water vapor permeability. This is due to the high specific surface area, high 

porosity, and very small pore size of nanofibers. Initial research has shown that electrospun 
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nanofibers minimally impede moisture vapor diffusion. Also, they are greatly efficient at 

trapping aerosol particles, compared to conventional textiles [18]. 

1.5.4 Energy and Electronics 

Energy is indispensable for performing any type of work, and the consumption of energy 

is increasing daily around the world. When the amount of energy reserves in the world is 

investigated, it can be seen that oil will last as long as 41 years, and natural gas sources will end 

in 67 years. To overcome the problem of high energy consumption, renewable and sustainable 

energies are being examined. Rather than oil and natural gas for producing energy, the wind 

generator, solar power generator, hydrogen battery, and polymer batteries have been used. The 

wide range of electrospun nanofiber applications used in these types of energy includes 

supercapacitors, lithium cells, fuel cells, solar cells, and so on. Additionally, using nanofibers in 

the electrical and electro-optical fields is of great interest. Nanofibers for use in optoelectronic 

devices and electronic devices can be fabricated. 

1.5.5 Battery/Cell and Capacitor 

 Relative to electrodes, the rate of reactions is proportional to the surface area of the 

electrode. Membranes made out of electrospun nanofibers are conductive and a great choice for 

use in porous electrodes when developing high-performance batteries. 

1.5.6 Sensor 

Sensors play an importance part in human life. Their application range is quite wide, 

from drinking water to biosensors. Based on sensor interactions, it can be concluded that most 

sensing methods are as follows: 

 Physical adsorption 

 Light absorbance  
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 Chemical reaction between targeted analyte molecules and sensing materials 

Moreover, the sensor turns physical, chemical, or optical phenomena into electrical 

output. Results are converted by the sensor to produce the quantitative measurement of detected 

molecules by internal or external standards [66]. Because nanofibers have a high surface area 

and porous membrane structure, they are applicable for sensitive and fast sensing. Nanofibers 

have shown improved sensitivities over conventional materials. Applications for those 

conventional materials are as follows [67]: 

 Gas sensors  

 Chemical sensors  

 Optical sensors 

  Biosensors  

1.5.7 Catalyst 

A catalyst is a substance that increases the rate of a chemical reaction. Here, the catalyst acts by 

attaching onto a substrate that is dependent on its active surface area. Nanofibers can be coated 

with a catalyst since they have a high surface area, thus increasing the active surface area and 

leading to improved catalytic activity [68]. Nanofibers possess a large surface area per a unit 

mass. This feature provides a solid support for enzymes and conventional catalysts, and provides 

the feasibility for high catalyst loading. Additionally, nanofibrous catalysts have the following 

advantages: 

 Ability to adapt to any geometry  

 Low resistance to the flow of liquids and gases 

Comparing the catalyst recovery of nanofibrous catalysts versus nanoparticles, 

nanofibrous catalysts are much better because they can be recycled and reused easily.   
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The following four chapters, each of which is considered to be a journal paper, will 

further describe the overall PhD studies.  
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CHAPTER 2 

SYNTHESIS AND EVALUATION OF ELECTROSPUN PCL-PLASMID DNA 
NANOFIBERS FOR BIOMEDICAL APPLICATIONS 

 
 

2.1 Abstract 

In this study, poly-ε-caprolactone (PCL) incorporated with plasmid DNA was 

electrospun, and the resultant nanofibers were used to observe DNA release from nanofibers.  

The plasmid DNA enhanced green fluorescent protein (EGFP) with cytomegalovirus (CMV) 

promoter (PCMVb-GFP) was amplified with E. coli. PCL was chosen because it is a 

biodegradable aliphatic polyester, which plays a critical role in tissue engineering, such as 

scaffolding, drug, DNA and protein delivery vehicles. The biological character of PCL 

nanofibers can be detected by different methods. Scanning electron microscopy (SEM) 

micrographs showed that nanoscaled fiber structures have an average diameter of 102.66 nm. 

Data showed 1 day, 4 days, and 7 days above 80% of cell viability. These data demonstrated that 

PCL nanofibers have no cytotoxicity and benign biocompatibility. PCMVb-GFP plasmid-linked 

electrospun nanofibers continuously released double-stranded DNA for at least seven days. For 

the first 15 minutes, there was a nanofiber burst release of about 1.8 ng/ml. For the following 

hours and days, the release was about the same, thus averaging a release of 0.575 ng/ml.  

Therefore, PCL nanofibers may be an ideal candidate for biomedical applications such as 

scaffolding, tissue engineering, and protein delivery vehicles. 

Keywords: PCL, Plasmid DNA, Electrospun nanofibers, Biomedical application 

2.2 Introduction  

 Electrospinning is a very simple and versatile method to produce nanofibers from a very 

large number of polymers. Scientists and researchers have shown a keen interest in studying the 
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fabrication of nanofibers and also the characterization of electrospun nanofibers. As a result, 

most electrospun nanofiber parameters, such as diameter, morphology, and patterning, can be 

controlled. The improvements and developments in electrospun nanofibers are showing potential 

applications for their use [1]. Currently, applications using electrospun nanofibers have been 

extended to various fields such as biomedical, functional devices and materials, energy, and 

electronics [2]. The biomedical applications of electrospun nanofiber include drug delivery [3, 

4], wound dressing [2, 5], tissue engineering scaffolds [6, 7], artificial organs [8, 9], and vascular 

grafts [8–10].  Biomedical applications using electrospun nanofibers are becoming a larger 

portion of all the possible applications, according to applied patent applications [2]. In this study, 

an experiment shows that PCL is a good carrier for plasmid DNA. Numerous studies have used 

different types of polymers and focus on tissue engineering scaffolding and drug delivery [11–

15]. The goal is here to build a biocompatible and nontoxic material for drug delivery purposes. 

For example, this specific material may be used to avoid the recurrence of cancer.  

Recently, copolymers such as poly-ε-caprolactone (PCL), poly(lactide-co-glycolide) 

(PLGA) random copolymer, poly(D,L-lactide)–poly(ethyleneglycol) (PLA–PEG) block 

copolymer, polycations (ε-poly-L-lysine (EPL), and polyethylenimine (PEI) have been used to 

deliver genes, drugs, and proteins [11–15]. PCL has been approved by the Food and Drug 

Administration. It is nontoxic, has low immunogenicity, is well-known as a biomaterial, and is 

extensively applied in tissue engineering [16–18]. 

Biocompatible polymers such as PCL, PEI, and PEG are suited for biomedical 

applications. These have been used for scaffolding [12], tissue engineering [13], wound healing 

[5], and drug delivery. However, there is untouched area whereby plasmid DNA may be used to 

avoid the recurrence of cancer. The material prepared in this study is a good candidate for this 
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application. PCL is biocompatible and a good drug carrier. PCL with a molecular weight of 

70,000 was used in this study. PCL is insoluble in water and has a melting temperature of 60oC, 

a glass transition temperature of –60oC, and a decomposition temperature of 200oC. PCL is a 

semi-crystalline polymer, and its crystallinity tends to decrease with increasing molecular 

weight. PCL has a hydrophobic nature, and as a result, drug release can continue for days.   

The electrospinning process [19–21] with its wide range of applications has been gaining 

scientific interest worldwide. The process parameters in electrospinning include viscosity, flow 

rate of the syringe, applied voltage to the syringe tip, and distance between syringe tip and 

collector. These parameters can be changed to produce different fibers in the range of nanoscale 

to microscale. Drug delivery or gene delivery can be conducted using electrospun nanofibers 

[22]. Some polymers, such as PCL, PEI, and PEG, have been used for this purpose [16–18]. PCL 

nanofibers possess hydrophobic properties, which can slow the drug-release rate; however, drug 

delivery takes place continuously for days in the area of interest. Plasmid DNA-enhanced EGFP 

with CMV promoters have been amplified with E. coli and used with PCL electrospun nanofiber 

to observe the DNA release rate.  

The critical point for the electrospinning process is in the application of high voltage, 

without which it cannot be performed. Following the application of high voltage, the solution is 

charged and the Taylor cone is shaped. The reasons for using high voltage are described below: 

 Reducing fiber diameter. 

 Reducing flight time between tip and collector. 

 With a proper flight time, increasing crystallinity. 
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 The electrospinning feed rate regulates the amount of solution available for the process. 

With a given voltage, fibers with a high diameter might show that the flow rate is high too. It 

also shows that the solvent needs more drying time. 

Due to evaporation and also stretching, the diameter of the jet is continuously reduced as 

it moves toward the target. Evaporation occurs in a way that some of the solvent is gone before 

reaching the target. Stretching is caused by the jet electrostatic forces. Fiber diameter is related to 

applied voltage. The diameter decreases with an increase in voltage. When the applied electrical 

potential increases, the field strength increases, as well, this in turn accelerates changes in the 

electrified jet and instability region. This will result in producing fibers that are sub-micron size. 

The drift velocity of the charge carriers is related to mobility of charge carriers by the following 

equation [23]: 

 Vmu 0  (2.1) 

where u is the drift velocity,  mo is the mobility of charge carriers, and V is the applied field.  

2.3 Experimental Procedure 

2.3.1 Materials 

Plasmid DNA was produced with PCL purchased from Scientific Polymer Products, Inc., 

acetonitrile purchased from Sigma-Aldrich, and pCMVb-GFP DNA purchased from Addgene. 

The plasmid DNA was amplified with E. coli. These products were directly used in the 

electrospinning process without further purification. Fibroblast cells (L-929) were purchased 

from the American Type Culture Collection (ATCC).  



 37 

2.3.2 Methods 

2.3.2.1 Isolation of pCMVb-GFP Plasmid DNA  

Plasmid DNA EGFP with CMV promoter was amplified with E. coli and grown on a 

shaker at 37oC overnight. Micro-centrifuge tubes were filled with saturated bacterial culture 

grown in lysogeny broth (LB) containing ampicillin and centrifuged at 4,000 rpm at 4oC for 3 

min, followed by the addition of 0.2 ml of ice-cold solution I (50 mM glucose, 25 mM Tris-Hcl 

pH 8.0, 10 mM EDTA Ph 8.0), 0.4 ml of solution II (1% sodium dodecyl sulfate(SDS), 0.2 N 

NaOH), and 0.3 ml of ice-cold solution III (3 M K+ 5 M acetate). Next, the microcentrifuge 

tubes were put on ice for 10 min and then centrifuged at 12,000 rpm at 4oC for 5 min. 

Supernatant was transferred to a fresh micro-centrifuge tube. Isopropanol was added to fill the 

remainder of the centrifuge tubes, which were then put on ice for 10 min, followed by 

centrifuging at 12,000 rpm at 4oC for 5 min. Then, 1 ml of ice-cold 70% ethanol was added to 

each of the microcentrifuge tubes and centrifuged at a speed of 7,500 rpm at 4oC for 2 min. 

Finally, 50 µl of E buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) was added to each tube. 

Using the Elisa Reader, the concentration of plasmid DNA was detected from the ultraviolet 

(UV) absorbance at a wavelength of 260 nm (A260).  

2.3.2.2 Electrospinning of Nanofibers 

The electrospinning process is established on the principle that a polymeric solution has a 

surface tension weaker than the strong electrical force used to pull a liquid jet from a larger 

sample.  The discharged polymer solution dries or solidifies, leaving a nanoscale polymer fiber 

on a specified surface. Electrospray and electrospinning processes both involve high voltage 

[24], which is used to start and accelerate a liquid jet from the tip of a capillary tube. In 

electrospraying, the liquid jet breaks into very small droplets due to the low viscosity solution 
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used. On the other hand, in the electrospinning process, a solid fiber is produced as an end 

product. The syringe contains a charged viscous polymer solution. In the electrospinning 

process, one conductive rod is placed into the needle to charge the solution, and an electrode is 

attached onto the grounded surface, which is the collector. Electric voltage is applied to the 

conductive rod in the syringe that contains the polymeric solution held by its surface tension. 

Charge repulsion causes tangential forces directly opposite to the surface tension of the polymer, 

which need to be overcome to form fibers. The semicircular surface of the fluid at the tip of the 

capillary tube elongates, which is a sign that the intensity of the electric field has increased. 

After this elongation process, a conical shape, or Taylor cone, occurs. By increasing the 

electrical field, a critical value is achieved in order to overcome surface tension of the fluid in the 

charged jet. The charged fluid goes from tip to cone [25]. The jet of the discharged polymer 

solution undergoes a drying process in the air where the solvent evaporates and leaves behind a 

charged polymer fiber. Then it lays itself randomly (non-woven) on a grounded collecting metal 

screen. The discharged jet totally solidifies in a few hours and is collected on the grounded 

surface [26–31]. Thus, the resultant product is a nanoporous non-woven nanofiber film, which 

can be used for various applications because of its high surface area and high aspect ratio [25, 

32–37].  Figure 2.1 shows a simplified schematic of the electrospinning process and resulting 

electrospun polymeric fibers. 

An electrospinning setup is quite simple; however, the experimental detail and theoretical 

analysis show that the process is highly complex. For a better understanding of this complexity, 

it is necessary to look into different types of instabilities, which are process controlled. Those 

instabilities are whipping or bending instability, Rayleigh instability, and axisymmetric 

instability [38]. In bending or whipping instability, the external electric field as well as 
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electrostatic interactions between the surface charges on the jet creates instability. Also, bending 

instability controls the stretching, acceleration, elongation, and thinning of the electrospun fibers 

[39]. Other types of instabilities are Rayleigh instability and axisymmetry, which give rise to 

fluctuations of the jet radius and may also cause droplet formation. 

 

Figure 2.1: Schematic illustration of electrospinning process. 
 

In the current study, the nanofiber was fabricated for the purpose of DNA release by 

dissolving PCL in acetonitrile and mixing it with pCMVb-GFP plasmid (3.5 mg/ml in TE 

buffer). The solution was allowed to equilibrate at 50oC for 4 hr with constant stirring to generate 

85–15% w/w polymer solution containing 700 µg plasmid DNA in 200 µl TE buffer. The 

solution was transferred to a 10 ml syringe with a plastic pipette tip and set up in the 

electrospinning apparatus. The flow of polymer solution from the syringe was controlled by a 

programmable syringe pump. The nanofiber was electrospun at ~25 KV with a flow rate of 20 

µl/min. A collector was fixed at ~25 cm from the needle to gather the nanofiber. After peeling 

off the nanofiber from the collector, the character of the nanofiber was observed under a 

scanning electron microscope (Zeiss FESEM Sigma VP). 



 40 

2.3.2.3 SEM Analysis of Electrospun Fibers  

When the filament in the SEM electron gun is sufficiently charged, it emits electrons that 

are focused onto the sample surface using a series of lenses. The sample surface, when struck 

with these electrons, emits secondary electrons. When detected by the scanner, the sample 

topography is reproduced and the SEM image is formed.  SEM uses electrons that are emitted 

from the specimen to reconstruct the image. The operating conditions of the SEM are 

accelerating voltage of 10 KeV, spot size of 4, and a work distance of 12 mm. Images are taken 

at various magnifications and across various areas for each sample. Resolution can easily go 

below 10 nm. Figure 2.2 exhibits an SEM-imaged PCL with plasmid DNA. Appendix A contains 

additional SEM images. 

 

Figure 2.2: PCL nanofiber with plasmid DNA. 
 
2.3.2.4 Biocompatibility and Cytotoxicity Assay of PCL Nanofibers 

Sterile nanofibers in a 2 ml Eppendorf tube were submerged with Dulbecco’s Modified 

Eagle’s Medium (DMEM) (ATCC, Virginia, USA) containing 5% fetal bovine serum (FBS), 2 

mM glutamine, 100 µ/ml penicillin, and 0.1 mg/ml streptomycin. The medium was collection on 

the first, fourth, and seventh days, and tubes were refilled with fresh medium. Cells were seeded 
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in a 96-well plate at a density of 5 x 104 cells/well and cultured in a standard incubator (37oC, 

5% CO2) for 3 days. Then, 20 µl of 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium 

bromide (MTT) was added to each well. After six hours, the cells were cracked using a 10% 

sodium dodecyl sulfonate (SDS) solution, followed by a reading plate at OD 590nm. The Elisa 

Reader was used for this process.    

2.3.2.5 DNA Release Rates  

The electrospun nanofiber meshes were cut into 2 x 2 cm sections, and each section was 

immersed in 1 ml TE buffer in Eppendorf tubes at 37oC. The amount of DNA released into the 

solution was quantified using PicoGreen assay, according to the manufacture’s protocol. Briefly, 

the elution TE buffers were collected at 15 min, 30 min, 1 hr, 2 hr, 4 hr, 1 day, 3 days, and 7 days 

and labeled with PicoGreen to detect DNA content. For each time point, there were six samples. 

A DNA standard solution (100 µg/ml in TE(10 mM Tris-HCl, 1 mM EDTA, pH 7.5) buffer) was 

diluted in a 2 µg/ml stock solution, at a dilution of 1:2. Based on the concentration of DNA in the 

standard solution, it is possible to calculate how much double-strand DNA is released into the TE 

buffer. The PicoGreen reagent was diluted 200 fold in a TE buffer. The elution solutions were 

measured at 520 nm (with excitation at 480 nm) in a UV microplate reader (CytoFlour Series 

4000, Perceptive Biosystems). According to the standard curve, the plasmid DNA concentration 

in each sample can be calculated. 

2.4 Results and Discussion 

2.4.1 Biocompatibility and Cytotoxicity Assay of PCL Nanofibers and Applications 

L-929 cells were cultured with a normal medium as a nontoxic group, 10% SDS as a 

toxic group, and nanofiber elution medium as a testing group. The data demonstrate that the 

number of L-929 cells in the testing group was less than in the nontoxic group and more than in 
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the toxic group (Figure 2.3). But when diluted by 1:16, SDS significantly facilitated the growth 

of L-929 cells. The experiment was repeated three times and yielded the same result. 
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Figure 2.3: Cytotoxicity results for PCL nanofiber 
 

2.4.2 Biomedical Applications 

 Electrospun nanofibers have broad application areas, one of which is the biomedical 

field, in such areas as drug delivery, wound dressing, and tissue engineering. Also, electrospun 

nanofiber can be placed in human organ tissues such as bone, dentin, skin, and cartilage. A 

current report indicates that in 2015, 180 billion dollars will be spent on nanomaterials in the 

biomedical as a business field [38].  

2.4.3 Drug Delivery 

 The drug delivery principle states that the drug release rate increases with the increase in 

surface area. Electrospun nanofibers are used here because of the very large surface-to-volume 

ratio [2]. Looking at patents who were issued drug delivery using the electrospun method, the 

first patent was from Belenkaya, in 2003 [40]. Ignatious and Sun demonstrated the stabilization 

of amorphous drugs using nanofibers [41, 42]. Shalaby worked on the production of 

biomechanically compatible drug-eluting stents using an electrospun mixture of biodegradable 

polymers and drugs on the surface of a small metallic stent [43]. Mo et al. prepared electrospun 

core-shell fibers for coating an endovascular stent [44].  
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2.4.4 Tissue Engineering 

 Tissue engineering is a very important, and materials used in this field are required to be 

ideal in order to mimic the natural extracellular matrix (ECM). This has been provided by non-

woven membranes of electrospun fibers [45, 46]. Electrospun nanofibers used for tissue 

repairing have contained chitosan, as studied by Mo et al. [47]. Mo et al. [47] electrospun natural 

spider silk and type 1 collagen to produce nanofibers with diameters of 200–260 nm for tissue 

repair [2]. These electrospun nanofibers showed adequate porosity, great mechanical properties, 

and biocompatibility, and can be used to repair skin, nerve tissue, and blood vessels. 

2.4.5 Wound Dressing  

  Wound dressing basically involves the treatment of wounds and human skin burns. Due 

to their high porosity, electrospun nanofibers can be applied over to those areas. High porosity 

allows gas exchange and the growth of a fibrous structure, thus protecting wounds from infection 

and dehydration.  For wound dressing, pore size is important.  For this reason, non-woven 

electrospun nanofiber membranes generally have pore sizes in the range of 500–1000 nm, which 

are good enough to prevent bacterial penetration in the wound. The high surface area of 

electrospun nanofibers makes it very easy for delivery and absorption [48].   

2,4.6 DNA Release Rates 

PicoGreen is ultra-sensitive to double-stranded DNA, but not to single-stranded DNA and 

oligonucleotides, which can detect as little as 250 pg/ml of double-strand DNA using a 

fluorescence microplate. The TE buffer is collected at the predefined point. Data indicate a peak 

DNA release at 15 min, and after that the number of double-stranded DNA molecules released 

from nanofiber meshes is basically the same as at all other time points (Figure 2.4). An 

experiment was run for 7 days; however, it could go longer, after looking at Figure 2.4, because 
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after the peak, the release was almost steady. Since plasmid DNA is incorporated with PCL, it 

may release DNA for a longer period of time due to the nature of PCL. 
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Figure 2.4: DNA release rates as a function of time. 
 

Results show that PCL nanofiber is not toxic and a good carrier for plasmid DNA. This 

result is comparable to that demonstrated by Yohe et al., although they used PGC-C18 

(poly(glycerol monostearate-co-ε-caprolactone)) [14]. Furthermore, a study by Luu et al. [12] 

involved a DNA delivery scaffold via electrospinning of PLGA (poly(lactide-co-glycolide)) and 

PLA-PEG (poly(D,L-lactide)–poly(ethylene glycol)) block copolymers. They used DNA for 

tissue engineering, and their results show that their release test went for more than 20 days. The 

first two hours exhibited a maximum release. In addition, a study by Lanbeck et al. involved four 



 45 

antibiotics tests with endothelial cells. The antibiotics used were erythromycin, dicloxacillin, 

cefuroxime, and benzylpenicillin. Their results show that in a time-related manner, erythromycin 

and dicloxacillin reduced DNA synthesis in all types of cells; however, cefuroxime and 

benzylpenicillin did not show any effects [49]. In the study here, antibiotics were not used, 

unlike in the work of Lanbeck et al. work. Our results show that the PCL nanofiber indicated 

more than 80% cell viability for 1 day, 4 days, and 7 days.  DNA release can go more than 7 

days. It has a burst release for the first 15 min and then becomes steady. The release of plasmid 

DNA depends on various factors, including the nature of the polymer matrix, such as chemical 

composition, and water solubility. The release also depends upon the fiber diameter, surface area 

volume of the PCL nanofibers, and permeability of the nanofibers, which are significant factors 

in the release of plasmid DNA. The work here shows good results and opens new research areas 

for recurring cancer.   

2.5 Conclusions 

PCL-electrospun nanofiber mesh has a benign biocompatibility and can be successfully 

linked with non-viral vectors to serve as a tool for biomedical applications. Data showed 1 day, 4 

days, and 7 days above 80% of cell viability, suggesting that the nanofiber mesh can 

continuously release plasmid DNA with an initial burst release, which may be beneficial for 

biomedical applications such as drug delivery, gene delivery, tissue engineering, and wound 

dressing. The initial burst of nanofiber released was about 1.8 ng/ml for the first 15 minutes, and 

for the following hours and days, the release was about the same, so the average release was 

0.575 ng/ml. The advantages of electrospun nanofiber scaffolds include their high surface-to-

volume ratio, appropriate porosity and malleability, a wide variety of sizes and shapes, and good 

biocompatibility, which make it an ideal candidate as a gene delivery tool and therapeutic device.   
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2.7 Appendix  

 A tensile test of PCL nanofibers was conducted using the various apparatuses shown in 

Figures 2.5 and 2.6. Figure 2.7 shows the stress strain curve plotted using the PASCO apparatus. 

 
 

Figure 2.5: Schematic drawing of apparatus from PASCO used for tensile test. 
 

 
 

Figure 2.6: Stress strain apparatus model (AP-8214). 
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Figure 2.7: Stress strain curve plotted using PASCO apparatus. 
 
 

 Figures 2.8 to 2.16 show SEM images of PCL nanofibers composed with plasmid DNA. 

 
 

Figure 2.8: PCL nanofiber composed with plasmid DNA. 
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Figure 2.9: PCL nanofiber composed with plasmid DNA. 
 

 
 

Figure 2.10: PCL nanofiber composed with plasmid DNA. 
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Figure 2.11: PCL nanofiber composed with plasmid DNA. 
 

 
 

Figure 2.12: PCL nanofiber composed with plasmid DNA. 
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Figure 2.13: PCL nanofiber composed with plasmid DNA. 
 

 
 

Figure 2.14: PCL nanofiber composed with plasmid DNA. 
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Figure 2.15: PCL nanofiber composed with plasmid DNA. 
 

  
 

Figure 2.16: PCL nanofiber composed with plasmid DNA. 
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CHAPTER 3 
 

EFFECTS OF GENTAMICIN-LOADED PCL NANOFIBERS ON GROWTH OF 
GRAM-POSITIVE AND GRAM-NEGATIVE BACTERIA 

 
 

3.1 Abstract 

Poly-ε-caprolactones (PCLs) incorporated with gentamicin of different concentrations (0, 

2.5, 5, and 10 wt%) were electrospun under various conditions, and the resultant nanofibers of 

different thicknesses (1, 2, and 4 layers) were used against the growth of gram-negative and 

gram-positive bacteria, such as E. coli, Salmonella, and Staphylococcus Epidermidis. PCL 

polymer was selected mainly because it is biodegradable aliphatic polyester and plays a critical 

role in tissue engineering and pharmaceuticals. In future studies, DNA and other therapeutic 

agents will be loaded onto the same PCL fibers and their efficacies tested as a model treatment 

for skin cancer. Scanning electron microscopy (SEM) images showed that the resultant fibers 

were in the range of 50 to 200 nm with an average diameter of 100 nm. Bacterial test results 

revealed that the gentamicin molecules in the nanofibers were gradually released from the PCL 

nanofibers during the in vitro tests and prevented bacterial growth at different inhibition zones 

and kinetics.  Overall, this work provides a detailed explanation of how to improve the 

antibacterial properties of new drug delivery systems for many biomedical fields, such as 

scaffolding; drug, DNA, and protein delivery; and wound healing.  

Keywords: Gentamicin, PCL, Electrospinning, Nanofibers, Antibacterial 
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3.2 Introduction 

Electrospinning has been gaining much attention worldwide because of the size, shape, 

flexibility, integrity, and cost of the resultant products in various scientific and technological 

applications, compared to other techniques and their products. Electrospinning allows scientists 

to produce fibers in the range of micro to nano size and in the forms of beaded and non-beaded. 

Using different type of polymers helps researchers/scientists to fabricate hydrophobic or 

hydrophilic fibers of various kinds, which may be useful for many industrial applications [1–3].  

Essentially, nanofibers are fabricated by an electrostatically driven jet of a polymer 

solution. The polymer jet undergoes bending instability due to the interaction of charged 

particles with the electrostatic field before it is collected on a grounded collector, placed some 

distance from the capillary tube. The solvent is evaporated during this process. Depending on the 

type of collector, either solidified fiber in an alignment or non-woven fiber forms are obtain from 

this process [4–5]. Electrospinning technology opens up unique opportunities for the generation 

of fiber-based biocide materials, including antimicrobial biopolymers. Electrospun nanofibers 

have been used for many applications, for instance, tissue engineering, wound dressing, drug 

delivery [5], sensors [6], and filters [7–8].  

Polycaprolactone is an FDA-approved synthetic polymer for use in drug-delivery devices 

and demonstrated biocompatibility [9]. It is commonly used for medical purposes because PCL 

has both biocompatibility and slow biodegradability [10]. By combining PCL’s fundamental 

hydrophobic property with the great characteristics of a nanofiber structure, a promising material 

can be obtained for biomedical use [11]. Nanofiber structures show a nanoscale diameter, high 

surface-to-volume ratio, small pore size, high porosity, and unique physical properties, which 

make them appropriate for an extensive range of medical applications [12–13]. Numerous 
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studies have been done on the electrospinning of PCL. However, it is difficult to generate bead-

free fibers via electrospinning [14]. PCL has a hydrophobic property, which slows down drug 

delivery. At the same time, beaded formation helps to slow down drug delivery [15]. 

Hydrophobic materials will release drugs over a longer period of time.  

This study investigated PCL-based electrospun fibers and developed antibiotic-loaded 

nanofiber structures displaying modified release characteristics in functional dressings for 

wound-healing applications. To design the PCL-based nanofiber system, gentamicin was chosen 

as the incorporated drug because of its well-known antibiotic function of inhibiting or killing 

bacteria that are common in most typical post-surgical infections. Gentamicin has been used to 

treat osteomyelitis caused by methicillin-resistant Staphylococcus aureus (MRSA) [16–17]. 

Antibacterial effectiveness against E. coli, Salmonella, and S. epidermidis have also been tested 

to establish the appropriateness of these applied electrospun fibers for decreasing frequency and 

severity of post-surgery infections. 

3.3 Experimental Procedure 

3.3.1 Materials 

PCL pellets with a molecular weight of 70,000 were purchased from Scientific Polymer 

Products, Inc., acetonitrile was purchased from Acros, and gentamicin sulfate powder was 

provided by National Fish Pharmaceuticals. These materials were used in the present study 

without any further purifications or modifications.  Three different bacteria (E. coli, Salmonella 

and S. Epidermidis) were reproduced in the Department of Biological Sciences at Wichita State 

University and used in the present study.  
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3.3.2  Methods 

3.3.2.1 Fabrication of Electrospun Nanofibers 

Electrospinning was used to fabricate PCL nanofibers [2–3].  First, PCL (15 wt%) was 

dissolved in acetonitrile and then different concentrations of gentamicin (2.5, 5, and 10 wt%) 

were added to the PCL solution. The solutions were mechanically stirred at 700 rpm and 55oC 

for 24 hrs. Each prepared polymeric solution was transferred to a 10 ml plastic syringe and 

electrospun at various conditions to produce nanofibers. Figure 3.1 shows the schematics of an 

electrospinning process. Scanning electron microscopy (SEM) (ZEISS SIGMA VP) was used to 

characterize the morphology of the PCL electrospun fibers. 

 

Figure 3.1: Schematic view of electrospinning process. 
 

3.3.2.2  Antibacterial Tests 

The bacteria inhibition assay was conducted based on evaluating clear zones of inhibition 

of E. coli, Salmonella, and S. epidermidis growth around PCL nanofibers loaded with 
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gentamicin. These tests were adapted from the Kirby-Bauer disk-diffusion method. Agar and 

lysogeny broth (LB) were mixed with distilled water in an Erlenmeyer flask and autoclaved. 

After autoclaving, the solution was placed into petri dishes, 8.5 cm in diameter, to allow the agar 

to harden. E. coli, Salmonella, and S. epidermidis were cultured, and 200 μL of the bacteria was 

diluted with 4,000 μL of the LB solution.  An amount of 200 μL of the diluted bacterial solution 

was spread evenly in each prepared petri dish. Nanofibers were cut to approximately 0.8 cm in 

diameter and placed in each petri dish forming a three-by-three ply pattern of fibers. The first 

row had one layer of nanofibers, the second row had two layers of nanofibers, and the third row 

had four layers of nanofibers. Petri dishes were incubated for 37oC to encourage bacteria growth. 

Photographs were taken for up to seven days. The antibacterial activity of the gentamicin-loaded 

PCL nanofibers was assessed by measuring the mean diameter of the zone of inhibition to the 

nearest millimeter. All tests were repeated three times. 

3.4 Results and Discussion 

Gentamicin-loaded PCL nanofibers were successfully fabricated. Figure 3.2 shows the 

average diameter of the PCL-gentamicin nanofibers. From the SEM images and also from Figure 

3.2, it can be seen that the diameter of the fibers was around 108 nm ± 43.10 nm. There are four 

different—PCL only, 2.5 wt% gentamicin, 5 wt% gentamicin, and 10 wt% gentamicin loaded. 

Three images used for each nanofiber set provided 15 measurements from each SEM images to 

generate Figure 3.2. The 5 wt% gentamicin-loaded PCL fibers exhibited the narrowest 

distribution and smallest mean fiber diameter. However, there was no significant diameter 

change by adding gentamicin into the PCL (Figure 3.2).  
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Figure 3.2: Average fiber diameter of PCL fibers with different concentrations of gentamicin. 
 

Results show that Salmonella is more susceptible to gentamicin than E. coli and S. 

epidermidis. This result is comparable to that demonstrated by Ruckh et al. [18], although they 

prepared encapsulated rifampicin-PCL nanofiber scaffolds using the electrospinning method. 

They observed that the release of rifampicin from the PCL nanofiber scaffold towards to 

Pseudomonas aeruginosa and S. epidermidis. Furthermore, a study by Liu et al. [19] involved 

PCL nanofiber yarns containing ampicillin sodium salt. They notice that ampicillin sodium salt 

effects more S. aureus than Klebsiella pneumoniae. Moreover, Francis et al. [20] prepared 

poly(3-hydroxybutyrate) gentamicin-encapsulated microspheres to investigate the release of 

gentamicin and saw that it was bimodal—an initial burst release followed by a diffusion-

mediated sustained release. Sirc et al. [21] fabricated polyvinyl alcohol and polyurethane 

nanofibers with the addition of gentamicin by using needleless technology. They used S. aureus 

and P. aeruginosa and observed the gentamicin release and also the zone of inhibition area. 

Shawki et al. [22] produced dextran nanofibers with the addition of moxifloxacin by using 
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electrospinning. Using E. coli and S. aureus, they observe a zone of inhibition for both cases. 

Hasirci et al. [23] prepared PCL as the main matrix material, and gentamicin-loaded 

microspheres composed of β-tricalcium phosphate (β-TCP) and gelatin. Their aim was to use this 

material as a support for bone tissue. They also examined the material with E. coli and S. aureus. 

Their microsphere material exhibited a zone of inhibition for both bacteria. The results in this 

dissertation study showed that the PCL nanofibers without antibiotic did not show any 

antibacterial activity. As a result, any antibacterial activity of PCL nanofibers can only be 

applicable to the gentamicin incorporated within the fibers. These results confirm that PCL-

gentamicin nanofibers are potential candidates for biomedical application. These findings further 

encourage future work in both classical and nontraditional electrospinning fibers, as well as their 

morphology, mechanical properties, and porosity.  

 Figure 3.3 shows SEM images of PCL fibers with different wt% of gentamicin. As can be 

seen, the morphology of fibers consists of pores and beaded structure. Appendix B shows 

additional SEM images, as well as Fourier transform infrared (FTIR) spectroscopy, 

thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC) results. These 

PCL nanofibers were investigated with FTIR spectroscopy. Figures 3.4 and 3.5 show the spectra 

of gentamicin, PCL, and PCL nanofibers were with the addition of 2.5, 5, and 10 wt% 

gentamicin. The PCL and 2.5, 5, and 10 wt% gentamicin additions indicate a strong sharp peak 

around 1717 cm-1, which is due to C = O vibrations [24]. C-H peaks are present around 2,942 cm-

1 [25]. Gentamicin is absorbed around 1,616 cm-1. The different additions of gentamicin to PCL 

nanofibers show similar peaks in the FTIR spectroscopy. 
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(a)        (b) 

````  
(c)       (d) 

Figure 3.3: SEM images of PCL nanofibers with different concentrations of gentamicin:  
(a) 0 wt%, (b) 2.5 wt%, (c) 5 wt%, and (d) 10 wt%. 

 

 
 

Figure 3.4: FTIR spectroscopy graph for gentamicin. 



 65 

 
 

Figure 3.5: FTIR spectroscopy graph for PCL nanofibers with different wt% concentrations of 
gentamicin. 

 
 Figure 3.6 shows the results of TGA of an electrospun nanofiber with the inclusion of 

gentamicin. These results demonstrated a similar behavior, even though different weight 

percentages of gentamicin were addition to the PCL nanofibers—there was no major weight loss 

around 380oC [24].  

 
 

Figure 3.6: TGA graph for PCL nanofibers with different wt% concentrations of gentamicin. 
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Figure 3.7 shows DSC results of PCL electrospun nanofibers with different percentages of 

gentamicin. As can be seen, the peaks around 60oC correspond to the melting point of PCL. 

 

 
 

Figure 3.7: DSC graph for PCL nanofibers with different wt% concentrations of gentamicin 
 
 Antibacterial properties were evaluated by taking pictures of electrospun nanofibers [2–4] 

at 1, 3, 5, and 7 days after the initial culture of E. coli, Salmonella, and S. epidermidis. PCL 

electrospun nanofibers did not show any significant antibacterial function. These PCL nanofibers 

did not contain any gentamicin so bacteria grew all around the petri dish. Since PCL-only 

nanofibers did not show any zone of inhibition, it can be stated that gentamicin addition forms a 

zone of inhibition.  

With the increase of gentamicin concentrations and increasing number of layers of fibers, 

it was found that antibacterial properties of the nanofibers were improved. Figure 3.8 show PCL 

fibers having 0 wt%, 2.5 wt% , 5 wt%, and 10 wt% gentamicin after seven days. As can be seen, 

0% gentamicin does not show a zone of inhibition—bacteria can be seen all over the petri dish. 

However, 2.5, 5, and 10 wt% gentamicin clearly show zones of inhibition, and by increasing the 

number of layers of fibers, the inhibition zone was higher. When the gentamicin concentration 

was increased to 10 wt%, as shown in Figure 3.8(d), the zone of inhibition was increased. Images 
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were taken after the bacterial study started at 3 hr, 6 hr, 12 hr, day 1, day 2, day 3, day 4, day 5, 

day 6, and day 7.  

 

Figure 3.8: Antibacterial test results of PCL fibers with different concentrations of gentamicin: 
(a) 0 wt%, (b) 2.5 wt%, (c) 5 wt%, and (d) 10 wt%, after the seven days of in vitro tests. Top row 
samples have one layer, middle row samples have two layers, and bottom row samples have four 

layers of PCL fibers. 
 

Figure 3.9 shows the E. coli bacterial inhibition area of nanofibers containing 2.5, 5, and 

10 wt% gentamicin. Zones of inhibitions can be seen due to the fact that all samples contain 

gentamicin. The 10 wt% gentamicin sample shows a larger inhibition zone compared to the 2.5 

wt% and 5 wt % gentamicin samples. The 2.5 wt% sample shows a larger inhibition zone than 

the 5 wt% sample, which could be attributed to non-uniformity in thickness of the fiber layer. 
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(a)       (b) 

 

 
(c) 

Figure 3.9: E. coli bacterial inhibition zones/areas of PCL nanofibers containing different 
concentrations of gentamicin: (a) 2.5 wt%, (b) 5 wt%, and (c) 10 wt%. 

 
 Figure 3.10 shows the Salmonella bacterial inhibition area of nanofibers containing 2.5, 

5, and 10 wt% gentamicin contents. Zones of inhibitions can be seen due to the fact that all 

samples contain gentamicin. The area with 10 wt% gentamicin shows a larger inhibition zone 

compared to the areas with 2.5 wt% and 5 wt% gentamicin. It can be seen that the 2.5 wt% 
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sample show a larger inhibition zone than the 5 wt% sample, which could be attributed to the 

non-uniformity in thickness of the fiber layer. 

    
(a)       (b) 

 

 
(c) 

Figure 3.10: Salmonella bacterial inhibition zones/areas of PCL nanofibers containing different 
concentrations of gentamicin: (a) 2.5 wt%, (b) 5 wt%, and (c) 10 wt%. 

 
 Figure 3.11 shows the S. Epidermidis bacterial inhibition area of nanofibers containing 

2.5, 5, and 10 wt% gentamicin contents. Zones of inhibitions can be seen due to the fact that all 

samples contain gentamicin. The 10 wt% gentamicin sample shows a larger inhibition zone 
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compared to the 2.5 wt% and 5 wt% gentamicin samples. It can be seen that the 2.5 wt% sample 

shows a larger inhibition zone than the 5 wt% sample, which could be attributed to the non-

uniformity in thickness of the fiber layer. 

     
(a)       (b) 

 

 
(c) 

 
Figure 3.11: S. Epidermidis bacterial inhibition zones/areas of PCL nanofibers containing 

different concentrations of gentamicin: (a) 2.5 wt%, (b) 5 wt%, and (c) 10 wt%. 
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3.5 Conclusions 

Gentamicin-loaded PCL nanofibers were successfully fabricated via the electrospinning 

process and characterized using SEM. The PCL nanofibers (below 100 nm) at different 

thicknesses (1, 2, and 4 layers) were used against the E. coli, Salmonella and S. Epidermidis 

bacteria. These bacterial studies indicated that the gentamicin molecules in the nanofibers were 

gradually released from the PCL nanofibers during the in vitro tests and prevented the bacterial 

growth for more than seven days. The increase in gentamicin concentration and layers of fibers 

showed better antibacterial properties. As a result, this study confirmed that antibacterial agent 

concentrations, thicknesses of nanofiber layers, and time were important factors, which may be 

useful for several biomedical applications, such as scaffolding; drug, DNA, and protein delivery; 

and wound healing.  
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3.7 Appendix B  

 Figures 3.12 to 3.32 show SEM images for PCL nanofibers and PCL composed with 

gentamicin fibers.  

 
 

Figure 3.12: SEM image of PCL nanofibers without any inclusion. 
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Figure 3.13: SEM image of PCL nanofibers without any inclusion. 

 
 

Figure 3.14: SEM image of PCL nanofibers without any inclusion. 
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Figure 3.15: SEM image of PCL nanofibers without any inclusion. 

 
 

Figure 3.16: SEM image of PCL nanofibers without any inclusion. 
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Figure 3.17: SEM image of PCL nanofibers with 2.5 wt% gentamicin. 

 
 

Figure 3.18: SEM image of PCL nanofibers with 2.5 wt% gentamicin. 
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Figure 3.19: SEM image of PCL nanofibers with 2.5 wt% gentamicin. 
 

  
 

Figure 3.20: SEM image of PCL nanofibers with 2.5 wt% gentamicin. 
 



 79 

 
 

Figure 3.21: SEM image of PCL nanofibers with 2.5 wt% gentamicin. 

 
 

Figure 3.22: SEM image of PCL nanofibers with 2.5 wt% gentamicin. 
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Figure 3.23: SEM image of PCL nanofibers with 5 wt% gentamicin. 
 

 
 

Figure 3.24: SEM image of PCL nanofibers with 5 wt% gentamicin. 
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Figure 3.25: SEM image of PCL nanofibers with 5 wt% gentamicin. 
 

  
 

Figure 3.26: SEM image of PCL nanofibers with 5 wt% gentamicin. 
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Figure 3.27: SEM image of PCL nanofibers with 5% gentamicin. 
 

 
 

Figure 3.28: SEM image of PCL nanofibers with 10% gentamicin. 
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Figure 3.29: SEM image of PCL nanofibers with 10% gentamicin. 
 

 
 

Figure 3.30: SEM image of PCL nanofibers with 10% gentamicin. 
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Figure 3.31: SEM image of PCL nanofibers with 10% gentamicin. 
 

 
 

Figure 3.32: SEM image of PCL nanofibers with 10% gentamicin. 
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 Figures 3.33 to 3.37 show FTIR spectroscopy results for PCL nanofibers and PCL 

nanofiber with gentamicin. Figure 3.38 shows DSC results for PCL nanofiber and PCL nanofiber 

with gentamicin. Figure 3.39 shows TGA results for PCL nanofiber and PCL nanofiber 

composed with gentamicin. 

 

  
 

Figure 3.33: FTIR spectroscopy results for PCL nanofibers. 
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Figure 3.34: FTIR spectroscopy results for gentamicin only. 

 
 

Figure 3.35: FTIR spectroscopy results for PCL nanofibers with 2.5 wt% gentamicin. 
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Figure 3.36: FTIR spectroscopy results for PCL nanofibers with 5 wt% gentamicin. 
 

 
 

Figure 3.37: FTIR spectroscopy results for PCL nanofibers with 10 wt% gentamicin. 
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Figure 3.38: DSC results for PCL with 2.5, 5, and 10 wt% gentamicin. 

 
 

Figure 3.39: TGA results for PCL with 2.5, 5, and 10 wt% gentamicin. 
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CHAPTER 4 
 

EFFECTS OF GENTAMICIN-LOADED PCL NANOFIBERS ON CELL 
VIABILITY AND RELEASE RATE OF PLASMID DNA 

 
 

4.1 Abstract 

 Poly-ε-caprolactone (PCL) nanofibers were fabricated with the addition of a constant 

plasmid DNA and different concentrations of gentamicin. The nanofibers were designed using an 

electrospinning method and studied for their effect on cell viability and release rate. The plasmid 

DNA used in these PCL nanofibers was extracted from E. coli. Scanning electron microscopy 

(SEM) images show that the nanoscale fiber structures have an average diameter of 113.9 nm. 

The ultraviolet (UV) microplate reader confirmed the existence of plasmid DNA in the PCL 

nanofibers. An Elisa Reader study showed the addition of gentamicin in the fibers. Cell viability 

tests indicated that PCL nanofibers with 10% gentamicin on a fibroblast cell showed high cell 

viability, which is related to surface area and pore size of the electrospun fibers, in addition to 

the interaction with gentamicin, plasmid DNA, and electrospun fiber matrix.     

Keywords: Electrospinning, PCL nanofibers, Cell viability, Wound dressing 

4.2 Introduction 

 Popularity of the electrospinning process has improved in the past decade due to the 

diameter reduction of large fibers from micron to nanometer size. At the point when the 

diameters of the polymeric fibers could be reduced in size from micrometers to nanometers, this 

offered a few remarkable aspects, for instance, high surface-to-volume ratio, high porosity, 

adaptability in surface functionalities, and predominant mechanical properties. These exceptional 

properties of electrospun nanofibers make them ideal candidates for a wide area of significant 



 90 

use in different areas, such as drug delivery, tissue engineering, scaffolding, wound dressing, 

sensors, and filters [1]. 

 Electrospinning is the methodology of expelling a fine fiber from a charged polymer 

solution towards a grounded collector. The fiber is constantly elongated by electric static forces, 

and the solvent evaporates while traveling through air to the collector [2]. The history of 

electrospinning started with electrospraying about 100 years ago. Instead of fibers, polymer 

droplets were formed by electrostatic forces. In 1934, Formhals patented a device that effectively 

electrospun fibers [3]. Throughout the following few years, he kept improving his work, 

patenting minor, yet compelling, progressions, which eventually led to the electrospinning setup 

[4, 5]. In 1969, Taylor created a mathematical model to show the form of a liquid droplet under a 

electric field. This shape is known as the Taylor cone. In order to achieve successful jet 

formation, the droplet cone angle was 98.6 degrees [6].  In 1971, Baumgarten studied solution 

parameters and their effects on fiber diameter [7]. This study showed that increasing the 

viscosity of the solution increased the fiber diameters; therefore, electrospun fibers in nanometer 

range could be produced. Publications relative to electrospinning have increased since 2000 [2]. 

The production of fibers at nano size has turned into a promising feature for biomedical 

applications such as wound dressings, drug delivery, tissue engineering, and filtration [8, 9].  

 The diameters of electrospun fibers formed have been attained from microns to 

nanometers size [10]. Electrospun fibers have a high surface-to-volume ratio, which allows for 

the improvement of cell reproduction. Electrospinning has promising applications including 

vasculature [11, 12], neural [13], bone tissue [14], antibacterial, filtration, and scaffolding. 

Natural and synthetic polymers, such as collagen [15], gelatin [16], and fibrinogen [17], have 

been electrospun. Inclusions include drugs, antibiotics, graphene, and TiO2 nanoparticles. 
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Adding these inclusions to a polymer solution can increase the properties of an electrospun fiber. 

Electrospinning technology opens up new opportunities for the generation of fiber-based 

biomaterials, including antimicrobial fibers [18, 19]. 

 PCL is a biodegradable, hydrophobic, and Food and Drug Administration (FDA)-

approved polymer that has extensive uses in biomedical applications and shows biocompatibility 

[20]. In the present study, PCL nanofibers were examined, antibiotic and plasmid DNA-loaded 

fibril structures that display various release characteristics for wound-healing applications were 

developed. Gentamicin was chosen as the drug to load onto PCL nanofibers because of its 

antibiotic ability to inhibit or kill germs and bacteria that are common as the result of surgical 

infection. The choice of polymer, distribution of plasmid DNA, and antibiotics within the 

nanofibers affect the morphology and release rate. Preliminary antibiotic effectiveness against 

fibroblast cells (L929) and neuroblast cells (B104) has been tested to determine the suitability of 

these nanofibers being applied in order to decrease the frequency and severity of post-surgery 

infections.      

4.3 Experimental Procedure 

4.3.1 Materials 

 PCL was purchased from Scientific Polymer Products Inc., acetonitrile from Sigma-

Aldrich, and pCMVb-GFP DNA from Addgene. Plasmid DNA was amplified with E. coli which 

is a typical way of handling plasmid DNA.  These items were straightforwardly utilized for the 

electrospinning procedure without further purification. Fibroblast cells (L-929) and neuroblast 

cells (B104) were purchased from American Type Culture Collection (ATCC). 
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4.3.2 Methods 

4.3.2.1 Electrospinning of Nanofibers 

 The electrospinning process is a complex system with multiple parameters. Using these 

parameters, various electrospun fibers can be produced for different applications.  The 

electrospinning setup includes a syringe, charged polymer solution, pump, grounded collector, 

and high power supply, as shown in Figure 4.1. 

 

Figure 4.1: Schematic of electrospinning process. 
 
 The polymer solution is composed of melted polymer and a solvent. The solvent plays 

the role of bringing the polymer resin into solution, and then, when the solution is exposed to air, 

the solvent evaporates. In order to form a solid fiber, evaporation of the solvent is necessary. The 

pump holds the syringe containing the polymer solution and can be used to adjust the flow rate 

of the solution. The high power supply is in the range of 10–30 kV. An electrode from the high 

power supply is applied to the solution for most of the time through a syringe needle, or 
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conductive material is attached to the syringe and is in contact with polymeric solution. 

Collectors vary, depending on the application, such as for scaffolding, in order to obtain 

different-shaped fibers. Collectors can be a wire mesh, fluid bath, flat plate, or rotating drum 

around which the polymer wraps itself [21]. The distance between the tip of the needle to the 

collector is called the gap distance. The grounded collector and the charged polymer solution 

creates a static electric field. When voltage is applied to the needle, the solution droplet at the tip 

experiences Coulomb forces exerted by the electric field and electrostatic repulsion between the 

surface charges [2]. As the applied charges increases, the solution droplet changes from a round 

shape to a Taylor cone. When the charge overcomes the surface tension of the solution droplet, a 

thin polymer jet moves from the Taylor cone to the collector. As the jet travels through the air, a 

whipping instability occurs and causes the jet to progress in a conical or zigzag pattern. Before 

arrival to the collector, this will further thin the fiber diameter.  

 In the fabrication in this study, 15 wt% of PCL was dissolved in acetonitrile. Then 0, 2.5, 

5, 10 wt% of gentamicin and 0.55 µg of plasmid DNA were added to the PCL solutions. The 

final solution was placed on a hot plate (stir plate) for 24 hours, which was heated to 54oC at a 

speed of 500 rpm. The mixed solution was transferred into a 10 mL syringe and placed in a KD 

Scientific syringe pump at a flow rate of 2 mL/hr. The electrospinning process was completed in 

ambient conditions. Fibers were collected after drying for at least two days.   

4.3.2.2 Materials Characterization 

 Scanning electron microscopy (ZEISS) was used to analyze the morphology of the PCL 

electrospun fibers. The Elisa Reader was used for the cytotoxicity reading plate at OD 590 nm. A 

UV microplate reader (CytoFlour Series 4000, Perceptive Biosystems) was used for the release-

rate study. 
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4.3.2.3 Isolation of pCMVb-GFP Plasmid DNA  

 Plasmid DNA enhanced green fluorescent protein (EGFP) with cytomegalovirus (CMV) 

promoter was amplified with E. coli and grown on a shaker at 37oC overnight. Micro-centrifuge 

tubes were filled with the saturated bacterial culture grown in lysogeny broth (LB) containing 

ampicillin and centrifuged at a speed of 4,000 rpm at 4oC for 3 min, followed by the addition of 

0.2 ml ice-cold solution I (50 mM glucose, 25 mM Tris-Hcl pH 8.0, 10 mM EDTA Ph 8.0), 0.4 

ml solution II (1% sodium dodecyl sulfate(SDS), 0.2 N NaOH), and 0.3 ml ice-cold solution III 

(3 M K+ 5 M Acetate). Next, the micro-centrifuge tubes were put on ice for 10 min and then 

centrifuged at 12,000 rpm at 4oC for 5 min, and the supernatant was transferred to a fresh micro-

centrifuge tube. Then isopropanol was added to fill the remainder of the centrifuge tubes, which 

were put on ice for 10 min, followed by centrifuging at 12,000 rpm at 4oC for 5 min. Followin 

this, 1 ml ice-cold 70% ethanol was added to each of the micro-centrifuge tubes, which were 

then centrifuged at a speed of 7,500 rpm at 4oC for 2 min. Finally, 50µl TE buffer (10 mM Tris-

HCl, 1 mM EDTA, pH 8.0) was added to each tube. Using the Elisa Reader, the concentration of 

plasmid DNA was detected from the UV absorbance at a wavelength of 260 nm (A260). 

4.3.2.4 Biocompatibility and Cytotoxicity Assay of PCL Nanofibers 

Sterile nanofibers in a 2 ml Eppendorf tube were submerged with Dulbecco’s Modified 

Eagle’s Medium (DMEM) (ATCC) containing 5% fetal bovine serum (FBS), 2 mM glutamine, 

100 µ/ml penicillin, and 0.1 mg/ml streptomycin. The medium was collected on the first, fourth, 

and seventh days, and the tubes were refilled with fresh medium. Cells were seeded in a 96-well 

plate at a density of 5x104 cells/well and cultured in a standard incubator (37oC, 5% CO2) for 

three days. Then 20 µl 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) 
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was added to each well. After six hours, the cells were cracked by 10% sodium dodecyl sulfonate 

(SDS) solution, followed by a reading plate at OD 590 nm using an Elisa Reader.    

4.3.2.5 DNA Release Rates  

The electrospun nanofibers were cut into quarter sizes and each immersed in 1 ml TE 

buffer in Eppendorf tubes at 37oC. The amount of DNA released into solution was quantified 

using a PicoGreen assay, according to the manufacture’s protocol. Briefly, the elution TE buffers 

were collected at 1 hr, 4 hr, 1 day, 4 days, and 7 days, and labeled with PicoGreen to detect DNA 

content. For each time point, there were six samples. The DNA standard solution (100 µg/ml in 

TE(10 mM Tris-HCl, 1 mM EDTA, pH 7.5) buffer) was diluted into 2 µg/ml stock solution, 

which was a dilution of 1:2. Based on the concentration of DNA in the standard solution, it is 

possible to calculate how much double-strand DNA was released into the TE buffer. PicoGreen 

reagent was diluted 200 fold in the TE buffer. The elution solutions were measured at 520 nm 

(with excitation at 480 nm) in a UV Microplate Reader (CytoFlour Series 4000, Perceptive 

Biosystems). According to the standard curve, the plasmid DNA concentration in each sample 

can be calculated. 

4.4 Results and Discussion 

 PCL nanofibers with the addition of gentamicin and plasmid DNA were produced using 

electrospinning. From the SEM images, it can be seen that the fiber diameter was around 113.9 ± 

36.60 nm. Figure 4.2 shows SEM images for the following combinations of plasmid DNA and 

gentamicin: 0% plasmid DNA and 0% gentamicin, plasmid DNA, 2.5% gentamicin and plasmid 

DNA, 5% gentamicin and plasmid DNA, and 10% gentamicin and plasmid DNA. 
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(a) 

 

   
(b)       (c) 

 

   
(d)       (e) 

    
Figure 4.2: SEM images of PCL nanofiber composed of the following materials: 
(a) 0% gentamicin and 0% plasmid DNA, (b) 0% gentamicin and plasmid DNA,  
(c) 2.5% gentamicin and plasmid DNA, (d) 5% gentamicin and plasmid DNA,  

and (e) 10% gentamicin and plasmid DNA. 
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 Nanofiber diameters were calculated using two SEM images from each sample; the 

results are shown in Figure 4.3. It can be seen that the addition of 10% gentamicin and plasmid 

DNA produced nanofibers with the smallest diameters. However, there was no significant 

change by adding gentamicin and plasmid DNA into the PCL. 

 

Figure 4.3: Average fiber diameter of PCL nanofibers with different percentages of gentamicin 
and plasmid DNA. 

 
 PCL nanofibers were investigated using the UV Elisa Reader. Figure 4.4 shows DNA 

release as a function of time for PCL nanofibers composed of gentamicin and plasmid DNA. As 

shown, 2.5% gentamicin-loaded PCL nanofiber had a good amount of release. However, there is 

no significant change in DNA release by adding gentamicin into the PCL nanofiber. 

 For the evaluation of the antimicrobial properties of the PCL nanofibers with various 

concentrations of gentamicin and plasmid DNA nanofibers evaluated through cell viability, B104 

and L929 cells were used for both cases of cell viability above 70%. Generated using the Elisa 

Reader, Figures 4.5 and Figure 4.6 shows the cell viability of neuroblast and fibroblast cell 

viability, respectively. As shown in Figure 4.5, gentamicin does not significantly affect 
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neuroblast cell viability but does significantly affect fibroblast cell viability. The addition of 5% 

gentamicin shows the highest cell viability among other gentamicin additions.  

 
 

Figure 4.4: DNA release rates as function of time for different PCL nanofibers. 
 

 
 

Figure 4.5: Cell viability of B104 neuroblast cells. 
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Figure 4.6: Cell viability of L929 fibroblast cells. 
 
 Results show that L929 cells are more susceptible to gentamicin than B104 cells. This 

result is comparable to that demonstrated by Ozdemir et al., although they demonstrated the 

cytotoxicity of soft lining material with L929 cells [22]. Furthermore, a study by Lanbeck et al. 

involved four antibiotics tests with endothelial cells. The antibiotics used for their testing were 

erythromycin, dicloxacillin, cefuroxime, and benzylpenicillin. Their results show that in a time-

related manner, erythromycin and dicloxacillin reduced DNA synthesis in all types of cells; 

however, cefuroxime and benzylpenicillin did not show any effects [23]. The results in this 

dissertation study show that the PCL nanofibers in fibroblast cells without gentamicin did not 

show high cell viability as compared to those with the addition of the antibiotic. The release of 

gentamicin depends on a variety of factors including the nature of the polymer matrix such as 

chemical composition of the polymer and water solubility. Also, the distribution of nanofibers, 

matrix design, capacity of loading, interaction between the drug and the matrix, diameter of 
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fibers, surface area, and pore structure of fibers are all important factors in gentamicin release. 

 From Figure 4.6, it can be seen that the addition of gentamicin to PCL nanofibers effects 

cell viability. When the gentamicin reaches 10 percent in the nanofibers, the nanofibers do not 

show higher cell viability, which may be because of strong interactions among the PCL, plasmid 

DNA, and gentamicin, low surface areas, and volumes of the PCL nanofibers. However, as 

gentamicin in the PCL nanofiber reaches 5%, a higher cell viability show is displayed. From 

Figure 4.5, it can be seen that there is not much effect on cell viability with the inclusion of 

gentamicin. This may be because of the cell type or strong interactions between PCL, plasmid 

DNA, and gentamicin as well as the low surface area and volume size. These results confirm that 

PCL nanofibers are potential candidates for the wound dressing application. These findings 

encourage further future work correlating the mechanical properties and porosity of nanofibers.  

Lately, various types of nanotechnology and its products have been utilized to increase 

the efficiencies of new materials and systems.  Nevertheless, novel developments also bring 

uncertainty and danger to human health and the environment. Consequently, the future of 

nanotechnology depends mainly on public acceptance of the benefits and risks related to the 

applications of the nanomaterials and devices. Additional studies will be needed to identify the 

nanosafety concerns of this new class of materials [24]. 

4.5 Conclusions 

 PCL nanofibers were successfully produced using electrospinning with the addition of 

gentamicin and plasmid DNA. SEM images show that the electrospun fibers are truly on a 

nanoscale and contain the plasmid DNA and gentamicin within the fiber. The UV Elisa Reader 

confirmed the presence of both plasmid DNA and gentamicin in the PCL nanofiber. Biological 

tests showed that the gentamicin successfully remained active and was effective with fibroblast 
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cells as an antimicrobial agent. Fibroblast cells showed that the increase of gentamicin 

concentration in the nanofibers resulted in better cell viability. PCL nanofibers with the addition 

of gentamicin showed significant cell viability in the fibroblast cells, compared to those fibers 

without gentamicin inclusion. These results further confirmed that PCL nanofibers are potential 

candidates for wound dressing antimicrobial applications.    
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CHAPTER 5 
 

NANOFIBER SUPPORT OF OLIGODENDROCYTE PRECURSOR CELL GROWTH 
AND FUNCTION AS A NEURON-FREE MODEL FOR MYELINATION STUDY 

 
 

5.1 Abstract 
 
 Nanofiber-based scaffolds may simultaneously provide immediate contact guidance for 

neural regeneration and act as a vehicle for therapeutic cell delivery to enhance axonal 

myelination. Furthermore, electrospun fibers can serve as a neuron-free model to study the 

myelination of oligodendrocytes. In the current study, nanofibers were produced using a 

polycaprolactone (PCL) and gelatin co-polymer. The ratio of the gelatin component in the fibers 

was confirmed by energy dispersive x-ray spectroscopy (EDS). PCL has a hydrophobic property, 

and the addition of gelatin into the electrospun fiber production decreased the contact angle. It 

was shown that both PCL nanofibers as well as PCL and gelatin co-polymer nanofibers can 

support oligodendrocyte precursor cell (OPC) growth and differentiation. OPCs maintained their 

phenotype and viability on nanofibers and were induced to differentiate into oligodendrocytes. 

The differentiated oligodendrocytes extended their processes along the nanofibers and 

ensheathed the nanofibers. Oligodendrocytes (OLs) formed significantly more myelinated 

segments on the PCL and gelatin co-polymer electrospun fiber compared to PCL fibers alone. 

Keywords: Oligodendrocyte precursor cells, Nanofibers, Myelination, Differentiation 

5.2 Introduction 

 The repair of a harmed spinal cord presents a huge medicinal challenge. The 

advancement of biomaterial development has offered a promising result for the repair of injured 

neural tissue. In neural recovery investigations using animal models, the transected or 

incompletely injured spinal cord has been recreated by filling the imperfection with hydrogels 
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[1–3]. The contact interceded direction given by biomaterial scaffolds may control axonal 

regrowth over the site of harm into the distal host tissue and possibly could bring about 

functional recuperation.       

 OLs experience both necrosis and apoptosis not long after spinal cord injury (SCI). 

Because of demyelination, OPCs are enlisted from gray and white matter and moved to the 

injury to myelinate the recreated axon; this procedure is constrained by the amount of 

endogenous OPCs [4, 5]. The focal transfer of OPCs provides another path to axonal 

myelination. A biomaterial scaffold can concurrently intercede the contact control of neural 

tissue progress and act as a vehicle for therapeutic cell transfer to improve axonal myelination 

[6–9]. The nanofibers and consistent porous structure produced by electrospinning may improve 

neural reconstruction due to the nanofibers mimicking the extracellular matrix and providing 

guidance to axonal growth at nano-levels. Past studies have indicated that electrospun aligned 

fibers can manage neurite growth in vitro [10–12] and could be useful in spinal cord and 

peripheral nerve regrowth [13–16]. PCL has been used as a biomaterial scaffold for neural 

reconstruction on account of its biodegradable and biocompatible properties [15, 16]. PCL 

nanofibers can be produced by electrospinning, and their biocompatibility could be improved by 

adding extracellular protein to the electrospun fibers. Gelatin, a heterogeneous mixture of 

polypeptides structured by thermal denaturation of collagen, retains the biological properties of 

collagen and together with PCL has been studied to produce electrospun fibers [17]. However, 

none has studied whether PCL nanofibers can support oligodendrocyte precursor cells. 

          Myelination is a serious step in neural reconstruction. The axonal signaling to 

oligodendrocytes and the close contact between the axons and oligodendrocytes are difficult 

processes that direct myelination formation of the reconstructed axons [18–20]. Lately it was 
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discovered that oligodendrocytes can myelinate electrospun fibers of artificial polymers, and the 

fibers can serve as a simplified without-neuron model for myelination study [21, 22]. The 

capacity of a specific biological molecule in the myelination procedure might be studied by 

joining the molecules into the synthesized fibers. In the present study, PCL nanofibers and PCL-

gelatin co-polymer nanofibers were produced. First, the growth and distinction of OPCs on both 

electrospun PCL nanofibers and PCL-gelatin co-polymer nanofibers were examined. Second, the 

capacity of gelatin as a biological molecule on oligodendrocyte myelination for nanofibers was 

examined. This work has provided new understanding to the examination of biological 

molecules in axonal myelination. 

5.3 Materials and Methods 

5.3.1 Generation of PCL and Gelatin Electrospun Nanofibers 

 PCL (molecular weight of 70,000, Scientific Polymer Products, Inc., New York) 

nanofibers were generated by electrospinning a PCL solution (35 wt% in acetonitrile). To 

fabricate the PCL-gelatin nanofibers, gelatin (Sigma-Aldrich, St. Louis, MO) and PCL (mixing 

ratio: 50 wt% of gelatin to PCL) in a mixture of acetic acid and acetonitrile (50:50 (v/v)) were 

used to generate fibers by electrospinning. The solvent-to-solute ratio for the mixtures was 85:15 

by weight. Fibers were collected on a stationary collector placed 20–30 cm from the infusion 

syringe at an infusion speed of 2 ml/hour at 20–25 kV. To study the growth and differentiation of 

the OPCs, films of dense fibers were electrospun onto aluminum foil or round glass coverslips. 

Loose nanofibers were also fabricated on coverslips to study the myelination of the differentiated 

OPCs to the fibers.   
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5.3.2 Contact Angle of Nanofibers.  

 The contact angle values of the electrospun nanofibers were measured with an optical 

contact angle goniometer (CAM 100, KSV Instruments Ltd., Helsinki, Finland). This compact 

video-based instrument measures contact angles between 1º and 180º with an accuracy of 1 . 

Computer software provided by KSV Instruments Ltd. precisely recorded and measured the 

contact angles and also took pictures of the measured contact angle values on the surfaces of the 

nanofibers.  

5.3.3  Isolation and Culture of OPCs on Electrospun Nanofibers 

 The process for confining OPCs from neonatal rats was approved by the Institutional 

Animal Care and Use Committee (IACUC) and finished at Wichita State University, Wichita, 

KS. The culturing of OPC cells was executed as reported previously [23]. In short, cerebral 

cortexes were detached from the brains of neonatal rats (postnatal day P1–2 rats) after they were 

sacrificed. The cortex tissues were triturated tenderly through a 5 ml syringe with needle. The 

tissue suspension was passed through a 70-mm nylon cell strainer (BD Falcon™, Durham, NC), 

and the flow through was gathered with a 50-ml cylindrical tube. The cells were cultured for 

about seven days. The OPCs were then confined from the mixed cell culture layer by 

mechanically shaking the cell culture flasks for about 24 hours in an incubator at 37ºC. The 

collected OPCs were cultured in an OPC growth medium (DMEM, Lifetechnologies™, Grand 

Island, NY) with Sato media (DMEM, 100 μg/ml transferrin, 100 μg/ml BSA, 0.2 μm 

progesterone, 16 μg/ml putrescine, 40 ng/ml sodium selenite [sigma-Aldrich, St. Louis, MO]), 

1% penicillin-streptomycin, 2 mM L-glutamine (Lifetechnologies™, Grand Island, NY), 5 μg/ml 

insulin, 10 nM D-biotin, 1 mM sodium pyruvate, 5 μg/ml N-acetyl cysteine (Sigma-Aldrich, St. 

Louis, MO), trace elements B (1x, Mediatech Inc., Manassas, VA), 10 ng/ml PDGF, and 10 



 108 

ng/ml bFGF (Peprotech, Rocky Hill, NJ).  Next the OPCs were grown on the electrospun 

nanofibers. 

5.3.4 Growth of OPCs on Electrospun Nanofibers and Cell Viability Assay 

 To study their growth and distinction on electrospun nanofibers, OPCs were grown in cell 

culture wells or the films of thick electrospun nanofibers set in 24-well plates with a cell quantity 

of 15,000 cells/well. The cells were either cultured in OPC growth medium or oligodendrocyte 

growth medium (OL medium) for OPC distinction (DMEM with Sato media, 1% penicillin-

streptomycin, 2 mM L-glutamine, 5 μg/ml insulin, 10 nM D-biotin, 1 mM sodium pyruvate, 5 

μg/ml N-acetyl cysteine,  trace components B, 15 nM triiodothyronine, and 10 ng/ml CNTF 

[Peprotech, Rocky Hill, NJ]). After 4 days, the cells were set with 4% paraformaldehyde in 

phosphate-buffered saline (PBS) solution for the immunostaining analysis. 

 The viability and reproduction of OPCs, which were seeded on the electrospun 

nanofibers, were examined by following their metabolic activity utilizing the alamarBlue 

analysis (Pierce Biotechnology, Rockford, IL). To perform this test, the electrospun nanofibers 

were cut into round shapes and put in 24-well plates to cover the base of the wells. The cells, 

with a quantity of 25,000 cells/well, were cultured for 4 days. After that they were incubated 

with OPC culture medium holding 10% (v/v) alamarBlue reagent for 2 hr. Absorbance was 

measured at a wavelength of 570 nm and 600 nm with a microplate reader (Synergy Mx 

Monochromator-Based Multi-Mode Microplate Reader, Winooski, VT). 

5.3.5 Myelination Study of Oligodendrocytes for Nanofibers 

 In this investigation of the myelination of OPCs for electrospun fibers, coverslips with 

PCL or PCL-gelatin nanofibers were placed in 24-well plates for the culture of OPCs. The OPCs 

(20,000 cells/well) were seeded on these coverslips for 3 or 8 days. The medium for the 
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myelination study was reported previously [22, 23]. In short, the myelination medium consisted 

of DMEM containing 1 × B27, 1 × N2 (Lifetechnologies™, Grand Island, NY), 5 µg/ml of N-

acetyl cysteine (NAC, Sigma-Aldrich, St. Louis, MO), and 5 µM of forskolin (Minneapolis, 

MN).  The cell culture medium was changed every 3 days. Following 3 or 8 days of culturing, 

the cultured cells on the electrospun fibers were set with 4% paraformaldehyde in a PBS solution 

for immunostaining. 

5.3.6 Immunocytochemistry 

 The phenotype of the well-cultured OPCs was resolute anti-A2B5 immunizer (produced 

in Dr Q. Richard Lu’s laboratory, Cincinnati Children’s Center) and anti-PDGFR-α antibody 

(Santa Cruz Biotechnology, Inc., Dallas, TX). The distinction OPCs were named with anti-O4 

antibody (Dr Q. Richard Lu’s laboratory, Cincinnati Children’s Medical Center). The 

myelination of OPCs for the electrospun fibers was marked with an anti-myelin basic protein 

(MBP) antibody (Millipore, Billerica, MA). Pictures were taken with a Zeiss Axio Observer 

microscope (Carl Zeiss Microscopy, LLC, Thornwood, NY). 

5.3.7 Scanning Electron Microscopy for Nanofibers 

 Nanofiber images were taken by scanning electron microscopy (SEM) with a model of 

ZEISS SIGMA VP and EDS (Carl Zeiss Microscopy, LLC, Thornwood, NY). These images 

were used to measure the fiber diameter with NIH ImageJ software (National Institutes  of  

Health, Bethesda, MD). To quantify the fiber diameter, 150 fibers from each type of fiber were 

measured. The nanofibers with oligodendrocytes were washed with PBS and placed in 2% 

glutaraldehyde-PBS for 2 hr. The samples were then dried out with evaluated ethanol and 

hexamethyldisilazane. The frameworks were air-dried and thusly covered with gold. At that 
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point, the oligodendrocyte morphology and ensheathed nanofibers were investigated utilizing the 

SEM pictures. 

5.3.8 Energy Dispersive X-Ray Spectroscopy for Nanofibers  

 EDS was used to analyze the composition of the nanofibers. An electron beam that scans 

across the surface during SEM causes shell transitions that result in the emission of an x-ray. 

Detection and measurement of the energy from the emitted x-ray permit qualitative and 

quantitative elemental analyses. Gelatin is a heterogeneous mixture of polypeptides formed by 

thermal denaturation of collagen. These polypeptides primarily contain glycine, proline, and 4-

hydroxyproline residues. Polycaprolactone is biodegradable polyester with the molecular 

formula C6H10O2. PCL contains more carbon per oxygen than gelatin. An increase of PCL in 

nanofibers would result in an increase in carbon. 

5.3.9 Statistical Analysis  

 Statistical analysis was conducted using a two-tailed Student’s t-test. A p value of 0.05 

was considered to be statistically significant. Data are expressed as means ± standard deviation. 

5.4 Results 

5.4.1 Characterization of Electrospun Fibers of PCL and Gelatin Co-Polymer 

 SEM images of films of dense PCL fibers and PCL-gelatin fibers are shown in Figures 

5.1A and 5.1B. The fiber diameters for the PCL fibers and PCL-gelatin fibers are 163.5 ± 126.8 

nm and 214.9 ± 58.7 nm, respectively (Figure 5.1C). EDS assay was used to analyze the 

composition of the PCL-gelatin nanofibers. Carbon is the major element in both gelatin and PCL. 

The carbon atomic ratio and the carbon weight ratio of gelatin fibers, PCL fibers, and PCL-

gelatin fibers were measured. The carbon atomic ratio and carbon weight ratio of PCL-gelatin 

fibers are 60.2 ± 0.9% and 54 2 ± 0.7%, respectively, which are close to the mean ratio of PCL 
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fibers (69.7 ± 1.0% and 59.7 ± 1.1%, respectively) and gelatin fibers (50.0 ± 3.5% and 38.4 ± 

2.3%, respectively) (Figure 5.1D).  

  

 
Figure 5.1: Characterization of electrospun fibers: (A) SEM image of electrospun PCL fibers,  

(B) SEM image of PCL-gelatin fibers, (C) quantification of fiber diameter, and (D) carbon 
atomic and carbon weight ratio in nanofibers. Scale bar: 2 µm. 

 
 The contact angles of the fiber surface were measured to show the hydrophilicity of the 

fibers. Gelatin in the electrospun fibers decreased the surface contact angle. Contact angles for 

the PCL fibers, PCL-gelatin fibers, and gelatin fibers are 133.5º ± 2.3º, 78.6º ± 3.1º, and 63.3º ± 

2.2º, respectively. The decrease in contact angle indicates the increase of hydrophilicity of the 

electrospun fibers. Contact angle results are shown in Figure 5.2. 
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Figure 5.2: Measurement of contact angle of PCL nanofibers, PCL-gelatin nanofibers, and 
gelatin nanofibers: (A) droplet profiles and contact angle evaluation on different films of dense 
PCL nanofibers, PCL-gelatin nanofibers, and gelatin nanofibers; (B) quantification of contact 

angle of PCL nanofibers, PCL-gelatin nanofibers, and gelatin nanofibers. 
 
5.4.2 Electrospun Nanofibers Support OPCs Growth and Differentiation 

 OPCs were seeded on the electrospun fibers and cultured with OPC culture medium for 4 

days. The OPCs grown on electrospun fibers were marked with anti-A2B5 and anti-PDGFα 

antibodies. Immuno-labeling demonstrated that the OPCs grown on both PCL electrospun fibers 

and PCL-gelatin fibers expressed A2B5 and PDGFRα (Figure 5.3). OPCs were additionally 

seeded on the electrospun fibers and cultured with OL medium for 4 days. Immnostaining with 

anti-O4 immunizer on the fibers indicated that OPCs distinction into oligodendrocytes and 

created different processes (Figures 5.3F and 5.3J). 
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Figure 5.3: Growth and differentiation of OPCs on films of dense electrospun nanofibers: 
Growth of OPCs on tissue culture plate (A, B), PCL nanofibers (D, E), and PCL-gelatin 

nanofibers (H, I). OPCs differentiated into OL cells on tissue culture plate (C), PCL nanofibers 
(F), and PCL-gelatin nanofibers (J). OPCs labeled with anti-PDGFα antibody (D, H) or anti-
A2B5 antibody (B, E, I). OL cells labeled with anti-O4 antibody (C, F, J). Scale bar: 100 µm. 

Experiment performed and data collected by Dr. Yongchao and Dr.Yao. 
 
 The alamarBlue analysis demonstrated that OPCs proliferated on both PCL nanofibers 

and PCL-gelatin nanofibers; no critical change in OPC proliferation was found. The decrease of 

alamarBlue reagent for OPCs grown on PCL, PCL-gelatin electrospun fibers, and tissue culture 

plates is 47.9 ± 3.4%, 42.6 ± 5.6%, and 54.9 ± 6.2%, individually (Figure 5.4). 
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Figure 5.4: Cell viability assay (alamarBlue) of OPCs growing on films of dense electrospun 
PCL nanofibers, PCL-gelatin nanofibers, and gelatin nanofibers. Experiment performed and data 

collected by Dr. Yongchao, Dr.Yao, and Bikesh Shrestha. 
 
5.4.3 Differentiated Oligodendrocyte Ensheathed Nanofibers 

 To study the capacity of OPC distinction and wrapping of the electrospun fibers, OPCs 

were grown on coverslips with PCL and PCL-gelatin electrospun fibers (Figures 5.5 and 5.6). 

The PCL and PCL-gelatin electrospun fibers were 731 ± 198.9 nm and 801.2 ± 188.4 nm, 

respectively (Figure 5.5).  To study the myelin structure around the individual electrospun fibers,  

PCL and  PCL-gelatin fibers were electrospun on the coverslips using the electrospinning 

method. This time, fibers were not dense on coverslips. The coverslips with electrospun fibers 

were set in 24-well plates, and the OPCs were seeded on the nanofibers with a cell quantity of 

20,000 cells/well.  

 After the OPCs were cultured on PCL and PCL-gelatin electrospun fibers with 

myelination medium for 3 days, with short process PDGFα positive cells grown, some of them 

were associated with fibers, as it can be seen in Figure 5.5. After the OPCs were cultured on PCL 

and PCL-gelatin fibers with myelination medium for 8 days, the OPCs distinction and created 

numerous processes. For both PCL and PCL-gelatin electrospun fibers, distintive OPCs 



 115 

wrapping the nanofibers were investigated (Figure 5.6). The OPCs shaped much more myelin 

sections for PCL-gelatin fibers than those for PCL fibers. The percentages of MBP positive cells 

wrapping fiber and myelin sections for PCL-gelatin fibers are 70.7 ± 8.8% and 48.9 ± 10.9%, 

respectively, which are much higher than those for PCL fibers alone (27.7 ± 7.2% and 15.4 ± 

3.2, p < 0.01). SEM pictures indicate the morphology of oligodendrocytes and the myelination 

formation all around the electrospun fibers. Oligodendrocytes expanded various techniques on 

the coverslips along the electrospun fibers (Figure 5.7A). Oligodendrocytes were wrapped 

around the electrospun fibers. The ensheathed and not-ensheathed electrospun fibers are shown 

in Figure 5.7. 

 
 

Figure 5.5: Growth of OPCs on coverslips with electrospun nanofibers. After culturing for 3 
days, OPCs developed short processes on coverslips with PCL nanofibers (A) and PCL-gelatin 
nanofibers (B). OPCs were labeled with anti-PDGFα antibody. Some cells were associated with 
nanofibers. Scale bar: 100 µm. (C) SEM images of PCL-gelatin nanofibers. Scale bar: 20 µm. 

(D) Analysis of nanofiber diameter. Experiment performed and data collected by Dr. Yongchao 
and Dr.Yao). 
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Figure 5.6: Differentiated OPCs ensheath nanofibers. (A) Differentiated OPCs ensheath PCL 
fibers. (B) Differentiated OPCs ensheath PCL-gelatin fibers. Scale bar: 100 µm. (C) Magnified 
image of myelinated PCL-gelatin nanofibers, as indicated by arrow in (B). Cells were labeled 
with anti-MBP antibody. (D) Analysis of percentage of cells wrapping nanofibers (* indicates 
significant difference compared with differentiated OPCs myelinate PCL nanofibers, p < 0.01). 
(E) Analysis of percentage of myelinated nanofiber segments (* indicates significant difference 
compared with myelinated segments of PCL nanofibers, p < 0.01). Experiment was performed 
and data collected by Dr. Yongchao and Dr.Yao. 
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Figure 5.7: SEM images showing differentiated OPC-ensheathed PCL-gelatin nanofibers. (A) 
Differentiated OPCs extend multiple processes. Scale bar: 10 µm. (B) Magnified image showing 
myelinated and unmyelinated fiber segments, as indicated by arrow in (A). Scale bar: 2 µm. (C) 
Magnified image showing myelinated and unmyelinated fiber segments, as indicated by asterisk 
in (A). Scale bar: 2 µm. (D) Magnified images show end of myelinated fiber segments. Scale 
bar: 2 µm. Experiment was performed and data collected by Dr. Yongchao and Dr.Yao. 
 
5.5 Discussion 

 In this study, PCL and PCL-gelatin electrospun fibers were fabricated.  The addition of 

gelatin in the fibers was affirmed by EDS testing. To manufacture fibers of a PCL and gelatin co-

polymer, PCL and gelatin were dissolved in acetonitrile and acetic acid. Acetic acid was used 

here to dissolve the gelatin. It was found that producing fibers this way is not toxic to the OPCs. 

The growth OPCs on the electrospun fibers were marked with OPC-particular antibodies (anti-

A2B5 and anti-PDGFα), and the OPCs were changed into oligodendrocytes on the fibers. SEM 

images were used to determine fiber diameters.  Similar diameters of PCL and PCL-gelatin 
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electrospun fibers were fabricated in order to perform a cell growth and myelination study. PCL 

and PCL-gelatin electrospun fibers did not demonstrate much difference in the cell viability of 

OPCs. 

 PCL is a biocompatible and biodegradable material used for several applications 

including tissue engineering. PCL fibers have a hydrophobic property, which is confirmed by 

this study. However, past studies have suggested that the surface is unfavorable for cell growth 

[24]. On the other hand, the addition of gelatin increases the hydrophilicity in PCL-gelatin 

electrospun fibers. As it can be seen from Figure 5.2 in the contact angle study, it is confirmed 

that the addition of gelatin decreases the contact angle. The cell viability of OPCs did not exhibit 

much difference between PCL and PCL-gelatin electrospun fibers, which suggests that the 

hydrophilicity property of the nanofibers does not influence the growth and differentiation of 

OPCs. Differentiated OPC-wrapped electrospun fibers after 8 days of cell culture in the 

myelination medium were also investigated. This study is different from previous studies [22, 

23], in that the differentiated OPCs wrapped the fibers without a coating of poly-D,L-ornithine 

(Sigma-Aldrich, St. Louis, MO). Furthermore, PCL-gelatin fibers had a higher number of 

myelination segments and number of cells that wrapped the fibers compared to the PCL fiber 

itself. Outcomes suggest that the incorporation of biological molecules to the artificial polymer 

fibers can increase myelination formation by OPCs. 

 Numerous polymers are available for research purposes, one of which is polystyrene, 

which is biocompatible and usually used to treat tissue cultures for cell attachment and growth. 

Previous studies have demonstrated myelination structuring on polystyrene fibers by cultured 

OPCs [21, 22]. However, polystyrene biodegradation is very slow. On the other hand, PCL has 

been approved by the Food and Drug Administration (FDA) in applications used in the human 
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body as implantable material.  PCL has likewise demonstrated important potential in the 

application of neural reproduction. Furthermore, the biological application of PCL might be 

improved by adding biomacromolecules in PCL to create implantable scaffolds with the co-

polymer. In this study, PCL-gelatin electrospun fibers were produced, and their capacity to 

support OPCs growth and differentiation was observed. Also researched was the myelination 

formation of oligodendrocytes on these fibers as a without-neuron model. To study myelination 

on the fibers, PCL and PCL-gelatin electrospun fibers were produced with average diameters of 

0.73 μm and 0.8 μm, respectively. The differentiated OPC-wrapped electrospun nanofibers were 

investigated. The rate of cells that formed myelin sections around the fibers was around 70%. A 

previous study demonstrated that the differentiated OPCs myelinated the electrospun polystyrene 

nanofibers, and around 60% MBP positive cells wrapped the polystyrene nanofibers (0.4–0.8μm) 

[22]. The rate of cells making myelin segments around the nanofibers was about 30% in this 

study. It is recommended that the composition and coating of fibers can affect the efficiency of 

OPC differentiation and fiber wrapping. Electrospun fibers may serve a simple model to examine 

the myelination of different molecules in axonal regeneration.  

5.6 Conclusion 

 Nanofibers utilizing a PCL and gelatin co-polymer were produced. The proportion of 

PCL and gelatin parts in the fibers was affirmed by EDS testing. It was demonstrated that gelatin 

in the PCL-gelatin co-polymer for electrospinning diminished the fiber contact angle, and as a 

result, hydrophilicity of the electrospun fibers increased. Additionally, it was demonstrated that 

both PCL and PCL-gelatin electrospun fibers can support OPC growth and differentiation. The 

OPCs kept up their phenotype and viability on both PCL and PCL-gelatin fibers and could 

separate into oligodendrocytes when well cultured with an OL medium. The differentiated OPCs 
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associated with the electrospun fibers and structured myelin along the fibers. PCL-gelatin fibers 

had more differentiated OPCs formed in the myelinated area than PCL fibers alone. This study 

may open up new possibilities for repairing repair harmed spinal cords and different nerves. 
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CHAPTER 6 
 

GENERAL CONCLUSIONS 
 
 

For this study, polycaprolactone was used with different inclusions, such as gelatin, 

gentamicin, and plasmid DNA. PCL with different additions was discussed in four chapters 

(Chapter 2 to 5) in this study. The synthesis and evaluation of electrospun PCL-plasmid DNA 

nanofibers for biomedical applications are concerned with the fabrication of electrospun 

nanofibers with plasmid DNA for biomedical applications. PCL incorporated with plasmid DNA 

was electrospun, and nanofibers were examined to determine whether PCL would be able to 

carry the plasmid DNA. PCL was chosen because it is biodegradable, biocompatible, and 

approved by the Food and Drug Administration for applications as implantable material for use 

in the human body. Plasmid DNA was extracted from E. coli. Also, PCL nanofibers have no 

cytotoxicity.  Results show that PCL can deliver plasmid DNA to tissues, wounds, or wherever it 

is applicable. From this study, PCL proves that it can be used as a biomaterial for wound 

dressing, tissue engineering, and scaffolding.  

The effect of gentamicin-loaded PCL nanofibers against the growth of gram-positive and 

gram-negative bacteria is concerned with bacterial problems. In this study, both gram-positive 

and gram-negative bacteria were examined, and PCL nanofibers with inclusions of gentamicin in 

different concentrations (0, 2.5%, 5%, and 10wt%) were investigated. One, two, and four 

nanofiber layers were used to observe the effect on the inhibition zone. This investigation used 

gram-negative and gram-positive bacteria, such as E. coli, Salmonella, and S. Epidermidis. 

Scanning electron microscope images show that PCL fibers range of 50–200 nm with various 

bead sizes. Bacterial test results showed that gentamicin molecules in the PCL nanofiber were 

released gradually and prevented bacterial growth at different inhibition zones. Chapter 2 
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provides detailed information about how to develop the antibacterial properties of new drug 

delivery systems for many biomedical fields such as scaffolding, wound healing, and tissue 

engineering. 

The effects of gentamicin-loaded PCL nanofibers on cell viability and the release rate of 

plasmid DNA is concerned with cell viability and plasmid DNA release rate. PCL nanofibers 

were incorporated with gentamicin and plasmid DNA in this research. PCL nanofiber- 

gentamicin concentrations were 0, 2.5%, 5%, and 10 wt%.  Also, different cell types—neuroblast 

(B104) and fibroblast (L929) cells—were discussed. L929 cells exhibited much higher cell 

viability with the addition of gentamicin. However, B104 cells did not show much effect on cell 

viability, which may be because of the cell type and strong interactions between the PCL, 

plasmid DNA, and gentamicin, as well as the low surface area and volume size.  

Nanofibers supported oligodendrocyte precursor cell growth and function as a neuron-

free model for the myelination study, which is concerned with the repair of injured spinal cords 

and different nerves. In this study, PCL was incorporated with gelatin and electrospun in various 

conditions. SEM images showed that submicron size fibers were formed. It was observed that 

PCL-gelatin electrospun fibers showed more myelinated segments formed by oligodendrocytes 

than PCL fibers alone. This study may open up new potential studies for the repair of harmed 

spinal cord and different nerves. Since this research mainly focused on creating biomaterial using 

the electrospinning method, historical background on the electrospinning process was provided.     

Overall from this study, PCL confirmed once again that this experiment is not toxic. The 

study showed that cell viability was more than 70%. SEM images proved that PCL composed 

with gentamicin-plasmid DNA gelatin is in the nano size range of 50 nm–800 nm. It was proven 

that PCL nanofibers can be used in DNA, gene, drug delivery, wound dressing, and tissue 
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engineering. Chapter 2 proved that PCL showed great response to carrying plasmid DNA. The 

release study was held for a week but could clearly go much longer. Chapter 3 discussed the 

antibacterial electrospun mat used with gram-positive and gram-negative bacteria. As shown in 

this chapter, the PCL nanofiber composed with gentamicin showed inhibition zone areas for 

different types of bacteria. Chapter 4 focused on cell viability and a release study with B104 and 

L929 cell types. L929 fibroblast cells showed higher cell viability with PCL composed with 

gentamicin and plasmid DNA, rather than PCL alone. PCL with the addition of gentamicin and 

plasmid DNA did not show much effect on the B104 neuroblast cells. The plasmid DNA release 

study did not show much change with PCL with the inclusion of gentamicin. Chapter 5 discussed 

the addition of gelatin to the PCL nanofiber in different weight percentages.  
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CHAPTER 7 
 

FUTURE WORK 
 
 

Future experiments could be performed to gain further confidence in this drug delivery 

and cell culturing system. An in vivo study could be conducted. Different types of polymers 

could be used and compared to the plasmid DNA release as a function of time. PCL could be 

used with different antibiotics and different bacteria to observe the inhibition zone areas and also 

observe which antibiotics work for both gram-positive and gram-negative bacteria. PCL 

nanofibers with different types of antibiotics could be used with different cell types to study cell 

viability as well as the plasmid DNA release rate. Also, instead of PCL nanofibers, different 

types of polymers could be used to observe the overall change in release rate and cell viability.  

A myelination study with gelatin collagen could be undertaken to see if this could be used 

instead of PCL with gelatin copolymer nanofibers. The polymer type could be changed and a 

copolymer as a gelatin or collagen could be used to observe whether there is a greater difference 

in the myelination study. Finally, some nanoparticles can be added into electrospun nanofibers to 

study the myelination effects of nanoscale inclusions. 

 

 


