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ABSTRACT 

 Touchspinning is a simple and scalable method which does not depend on the dielectric 

properties of polymer solutions and it has shown advantages over the common fiber spinning 

techniques, such as electrospinning and microfluidic spinning. Touchspinning setup is used for 

drawing nano- and microfibers from polymer solutions or melts using a rotating rod or a set of 

rods. In this study, the aligned touchspun polycaprolactone (PCL) nanofibers were fabricated at 

different spinning rates and the proliferation potential of the neural stem cells (NSCs) was analyzed 

on these nanofibrous scaffolds. The aligned electrospun PCL nanofibers were fabricated at 

spinning rates similar to the touchspun nanofibers and they were served as a control group. The 

Young’s modulus values of the touchspun fibers at various spinning rates were much higher than 

those of electrospun fibers. Also, the structural characteristics of the PCL nanofibers were analyzed 

by X-ray diffraction (XRD). The degree of crystallinity of the touchspun fibers was greater than 

that of electrospun fibers at various spinning rates. The NSC cells exhibited an elongated neurite 

growth along the touchspun PCL nanofibers with varying spinning rates. Whereas, the NSC cells 

tend to aggregate on the entangled electrospun PCL nanofibers and they did not spread along the 

fibers. As the spinning rate of the touchspun nanofibers increased, the percentage of TUJ1 positive 

cells and the percentage of GFAP positive neurons increased. These results have shown the 



feasibility of using the touchspinning technique to fabricate fibrous scaffolds for neural tissue 

engineering applications.  
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

1.1 Introduction 

When the size of fibers decreases to nanometers, their large surface-to-volume ratio make 

the nanofibers great candidates to overcome the challenges in biomedical engineering, tissue 

regeneration, energy storage, textile, sensors, photovoltaic cells, fuel cells, medicine, drug 

delivery, catalysis, and healthcare products.1-16 Fibers are also used as the membranes for water 

treatment since they deal more effectively with chemical and biological threats. Also, fibers can 

be used to convert the energy sources to electricity more efficiently and this eliminates the need 

for the crude oil in the future.17 

The high surface area and controlled porosity enable the micro- and nanofibers to adsorb a 

tremendous amount of toxins and odors. Therefore, micro- and nanofibers can be used to fabricate 

the microengineered scaffolds for tissue engineering. These scaffolds can be impregnated with 

drugs to enhance the wound- and dermal burn healing. The scaffold efficiently releases the 

antimicrobial and anti-inflammatory compounds which speeds up the healing process and 

decreases the medical cost and wound care supplies.18 Nanofibers, also, have attracted broad 

attention in cancer treatment. Jain et al have exhibited the use of polycaprolactone (PCL)-based 

nanofibers as a conduit to guide the aggressive glioblastoma tumors from the brain to a cytotoxic 

hydrogel outside of the skull.19 The glioblastoma cells probably formed an initial aligned 

monolayer along the fibers, which serves as a guide for the subsequent tumor cells, therefore, this 



 

2 

process resulted in reducing the tumor load in the brain. This method is quite efficient when it is 

difficult to treat or completely remove the tumors.19    

The nanostructured scaffolds have been used tremendously for the biomedical and 

biological applications mainly because their nanoscale dimension mimics natural extracellular 

matrix where cells can interact efficiently. The polymeric nanofiber is particularly useful due to 

its high surface area and porosity which enhance cell adhesion.20-21 Particularly, aligned fibers 

have provided better contact guidance effects on the neurite outgrowth of primary cortical neurons 

and PC-12 cells, which makes them feasible scaffolds for nerve tissue repair arising from the spinal 

cord injury or peripheral nerve injury.22-23 The recent discovery of the use of nanofibers to form 

bones and tissues in combination with stem cells24-25 has resulted in a significantly increased 

interest in the development of simple methods for nanofiber fabrication that can be conducted in 

biological and biomedical laboratories. However, problems of antigenicity and immunogenicity of 

a donor’s biological materials, as well as specific needs in the shapes, dimensions and 

morphologies of tissue implants call for the fabrication of customized scaffolds26-27 that can be 

engineered and fabricated at a health-provider facilities.   

Enhancing the mechanical properties of the fibers improves their application in various 

fields of study. In most of the applications, nanofibers with high strength, modulus, and toughness 

are required. In some biological materials such as spider silk, high tensile strength and high 

toughness are achieved simultaneously. However, most of the commercial high-performance 

fibers reveal strength-toughness trade-off which results in high strength and low toughness, 

therefore, these fibers are brittle and they break at lower strains. The size of the fibers can affect 

their mechanical characteristics. As the diameter of the fiber decreases to the nanometer scale, 

elastic modulus and strength increase due to the improved chain orientation in the ultrafine 
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nanofibers which leads to simultaneous increase in the strength and toughness of the nanofibers. 

Papkov et al studied the size effects on the mechanical properties of the polyacrylonitrile (PAN) 

nanofibers.28 They reported that as the diameter of the fibers decreased from 2.8 µm to ~100 nm, 

the strength, modulus, and toughness of the nanofibers increased 117 folds, 134 folds, and 2420 

folds, respectively. The maximum strength and modulus studied were ~10 times greater than those 

of commercial PAN microfibers (Figure 1.1).28 

Recently, there has been a huge demand for the fibers with enhanced mechanical properties 

and an increased number of techniques have been developed to fabricate the fibers with unique 

features. Most of the fiber spinning techniques have been used to produce the fibers thicker than 2 

micrometers, therefore, novel methods need to be investigated to fabricate the nanofibers with 

superior mechanical properties. Electrospinning9 is so far the only method with potential for the 

commercial production of nanofibers, and the major issue yet to be resolved is how to substantially 

scale-up the production to match the demands from a range of potential markets. Some of the 

techniques such as melt-blowing29 are limited to a specific range polymers and also hot air flow 

needs to be provided to decrease the diameter of the nanofibers. Other techniques such as the 

phase-separation30 and self-assembly31 produce non-uniform fibers and there is no potential for 

scale-up. Another method known as force-spinning32, may overcome some of the limitations since 

no high voltage or solvent recovery are required, however, there is a risk of thermal degradation 

when high temperature is applied in the process.33 The detailed advantages and disadvantages of 

these techniques are as follows. 
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1.2 Methods for Fabrication of Micro- and Nanofibers 

1.2.1 Electrospinning 

Electrospinning9 has been used commercially to synthesize the micro- and nanofibers for 

various biomedical applications. The process of electrospinning was described by Cooley34 and 

Moore35 in 1902 and the further development was patented by Antonin Formhals36 in 1934. This 

technique is extensively applied for the micro- and nanofibers production from a variety of natural 

and synthetic polymers.37-38 In electrospinning, an electric field is subjected to a droplet of a 

polymer solution and the body of the liquid becomes charged. At a critical point, the repulsive 

electrical forces overcome the surface tension of the droplet and the charged droplet forms a 

conical shape, known as the “Taylor cone”.17 At this point, a jet of the solution is erupted from the 

tip of the Taylor cone and an unstable whipping of the jet occurs in the space between the capillary 

tip and a grounded collector (plane electrodes or frames). As the solvent evaporates, 2D and 3D 

fibrous nonwoven structures form on the collector (Figure 1.2).39 The major challenges 

encountered in using electrospinning is that it requires high voltages (20-30 kV) and it depends on 

the dielectric properties of the materials37, therefore, the spinning solutions are limited and only 

experienced operators may be eligible to use the spinning set-up.40  

Solution electrospinning and melt electrospinning are the two main groups of this 

technique with the setup similar to the conventional electrospinning. The solution electrospinning 

process requires volatile solvents. The throughput of the nanofibers in the solution electrospinning 

has been a serious problem (up to 300 mg/hr). Different attempts have been applied to increase the 

productivity in solution electrospinning such as increasing the number of jets from single needles 

or multiple needles. Even, the addition of multiple needles might not increase the productivity 

since the failure of the central needles can be attributed to the low inter-nozzle distance causing 
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electric field shielding near the central needles. In contrast to the solution electrospinning, the melt 

electrospinning eliminates the need for the volatile solvents, but high temperature is needed to melt 

the polymer. It also, suffers from lack of control on the fabrication of the nanofibers due to the 

high viscosity of the polymer melts. In both solution and melt electrospinning, the feed rate, the 

molecular weight of the polymer, and the diameter of the spinneret affect the size of the fibers.33 

In order to enhance the integrity of the fibers, the solvent needs to have suitable vapor pressure, 

viscosity, and surface tension.41  

Many polymer materials are difficult to be optimized with electrospinning, due to their 

poor viscoelastic behavior, lack of the sufficient molecular entanglement, and limited solubility.42 

The concentration of the polymer solution, flow rate, applied potential, and the distance between 

the needle and the collector are the main parameters that affect the diameter of the fibers. Despite 

its popular use in tissue engineering applications, several reports have shown detrimental effects 

of the high voltage on the loaded biomolecules in the electrospun fibers.43-45 Hence, it is becoming 

increasingly apparent that there is a need to develop a new technique to produce polymeric 

nanofiber with enhanced biocompatibilities.  

1.2.2 Force-Spinning 

The centrifugal spinning was first patented by Hooper in 1924 for producing artificial silk 

threads using a rotary disc with holes on the side nozzle.32 Recently, the ForcespinningTM method 

has been commercialized by FibeRio Technology Corporation.16 It minimizes most of the 

challenges encountered on the electrospinning technique such as the application of the very high 

voltages and dielectric solutions.33 ForcespinningTM can be used to spin the fibers from a wide 

range of conductive and nonconductive materials with higher throughput and lower cost. In 

addition, no toxic solvents are used to prepare the solutions and therefore, no solvent recovery is 
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required. This method is efficient for spinning fibers from the solutions, emulsions, and melts. 

During the process, a high temperature is needed to melt the solid material and a centrifugal force 

is applied to rotate the heated material at a very high speed to fabricate the fibers. The aerodynamic 

environment and the inertial force of the rotating spinneret stretch the fiber into the nanoscale 

(Figure 1.3). The geometry and morphology of the fibers are controlled by the rotational speed of 

the spinneret, nozzle configurations, rheological properties, and temperature. Besides using high 

temperature, another limitation of this method is that ForcespinningTM has not been very efficient 

to spin the fibers from the polymer materials with very low molecular weights (Mw less than 

100,000)  and it is mostly due to the lack of inter-chain entanglements.41  

1.2.3 Melt-Spinning 

The melt-blowing method was initially developed by the Naval Research Laboratory under 

U.S. government sponsorship in the 1950s for the fabrication of the microfilters to trap the 

radioactive particles in the upper atmosphere.29 Recently, a number of companies such as Exxon 

Chemical, 3M, and Kimberly-Clark have extensively used this technique to produce nonwoven 

microfibers for a wide range of applications such as medical use, filters, and absorbents. In 2004, 

the nonwovens industry was worth 14$ billion and this method is continuously attracting more 

attentions due to its new applications.46 

In the melt-blowing process, the high-velocity air blows the polymer melt through the 

orifice of a die and the elongated polymer fibers are collected in the form of a nonwoven web 

(Figure 1.4). The diameter of the fibers depends on the different parameters such as the polymer 

type, molecular weight, melt viscosity, geometry of the die tip, the distance from the die tip to the 

collecting drum, collection speed, throughput, melt temperature, air temperature, and air velocity. 
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In contrast to electrospinning, this technology is used to fabricate the microfibers with higher 

production rates and it does not form a huge amount of toxic vapor wastes.46 

The conventional microfilters exhibited efficiency in removing the micrometer-sized 

particles. However, the smaller particles can be efficiently collected, if the filters are composed of 

the nanofibers. Recently, researchers were able to enhance the efficiency of the melt-blown fibers 

by decreasing the diameter of the fibers by using dies with a small orifice and reducing the 

viscosity of the polymer melt. In a work by Podgorski et al47, the polymer nozzles were surrounded 

by air nozzles and they produced nanofibers as small as 200 nm in diameter. In another study, 

Brang et al48 fabricated nanofibers by melt-blowing using a spinneret die having spin holes formed 

by grooves. The grooves were smaller than 0.005"wide×0.004"deep and had a length over diameter 

ratio (L/D) of 20:1 and the polymer feed rate was as low as 0.01 g/hole/min during the melt-

blowing. The low throughput with low feed rate was fixed by increasing the density of the spin 

holes to up to 100 holes per inch. The process resulted in the production of the fibers thinner than 

500 nm at a production rate of 1.5 kg/meter/hr.33  

The melt-blowing method encountered some challenges to produce the nanofibers. Mainly, 

designing very small orifice in the die is difficult. In addition, using the highly viscous polymer 

melts and rapid cooling of the fiber as it leaves the die can prevent the production of the nanofibers. 

This can be compensated by providing the hot air flow in the same direction of the polymer melt 

flow, but, there is a risk of polymer degradation at the very high temperatures.33 

1.2.4 Wet/Dry-Spinning 

In dry spinning49, a polymer solution is extruded through orifices to create filaments and 

the fiber is solidified as the solvent evaporates due to exposure to air. Wet spinning50 is similar to 
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dry spinning, however, a fluid is required to extract solvent from the filament to fabricate fibers. 

These methods do not allow for fabrication of sub-micron fibers. 

The concentration of the solution, diameter of the orifice, temperature, extrusion rate, and 

length of the air gap affects the diameter and mechanical properties of the extruded fibers in both 

dry spinning and wet spinning.51 A modified dry spinning, called micropipette drawing52, is shown 

in Figure 1.5. 

1.2.5 Touch-Spinning 

We developed a scalable, inexpensive, and controllable method named touch-spinning53 

which can be used to fabricate micro- and nanofibers from polymer solutions or melts using a 

rotating rod. In this simple and controllable process, a rotating rod (or a set of rods) is glued to a 

spinneret whose diameter can be chosen over a wide range of a few centimeters to more than one 

meter. The polymer solution is pushed through a syringe and the droplet is formed at the tip of a 

needle. The distance between the polymer droplet and the tip of the rod on the spinneret is adjusted 

so that the rod contacts the polymer droplet as the spinneret rotates. Following the initial “touch”, 

the polymer droplet forms a liquid bridge. As the spinneret rotates, the liquid bridge stretches and 

fiber length increases with the diameter decreasing due to mass conservation. The surface area of 

the liquid thread increases with its elongation and thus generates a larger surface area for eventual 

solvent evaporation from the thread. The fibers can easily be collected on the coverslip or any 

object which is held at the center of the spinneret for further biological studies. The micro- and 

nanofibers are homogeneous in diameter along the fiber length. The resulting fiber diameter is 

controlled precisely in the range of 40 nm to 5 μm by adjusting the rotational speed and polymer 

concentration. This method eliminates the effects of dielectric properties of the polymer solutions 

associated with electrospinning.  
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The touch-spinning set-up (Figure 1.6) can be used to wind a single filament into 

unidirectional, orthogonal or randomly oriented 2D and 3D scaffolds with controlled density, 

porosity, and thickness. 

The touch-spinning method can also be used for drawing fibers from polymer melts. For example, 

touch-spun polyethylene microfibers can be drawn from polyethylene (PE) melted by a heat gun 

at 150°C (Figure 1.7f). For a polymer melt, the fiber drawing is followed by cooling of the 

polymer. Moreover, the touch-spinning method can be used to produce core-shell nanofibers like 

PVA-PCL using a coaxial needle (Figure 1.7h). 

In contrast to electrospinning, the touch-spinning technique does not depend on the dielectric 

properties of the solvents thus, it can be used to draw fibers from various polymer solutions and 

melts. For example, Teflon is only soluble in liquids with low dielectric constants, therefore, 

Teflon nanofibers can be fabricated by electrospinning only if it is blended with another 

polymer.54-55 However, the touch-spinning method can be used to fabricate pure Teflon nanofibers 

from a solution of TAF 1600 (copolymer of 2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole) in 

Fluorinert® FC-40 fluid with a very low dielectric constant, ε = 1.9 (Figure 1.7g). Since the touch-

spinning method does not depend on the dielectric constant the biocompatibility of the fiber 

fabrication process enhances considerably. Also, for the preparation of scaffolds, the growth 

factors and other biomolecules can be incorporated into the polymer solution before spinning the 

fibers. The fiber diameter decreases with increasing rotational speed and decreasing polymer 

concentration.  

A key advantage of the touch-spinning process is its ability to generate fibers with a 

uniform diameter. During drawing, the fiber stretches via two distinct mechanisms: 1) axial 

stretching due to the rotation of the stage, and 2) capillarity forces, which acts to drain fluid from 
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the fiber back into the source droplet. In addition, the surface tension will act to smooth out any 

axial variations in radius during the drawing stage (which typically occurs on a millisecond 

timescale) and hence it is expected to observe uniform thinning for the bulk of the fiber. Due to 

the uniform nature of the fiber shape during the drawing (stretching) step before fracture, the fiber 

will also continue to thin uniformly during the evaporation stage. Thus, both the drawing and the 

evaporation steps ensure that uniform fibers are generated.  

In touch-spinning, the density, thickness, porosity, and diameter of the nanofibers can 

change by adjusting the spinneret rotation speed, flow rate of the solution, concentration of the 

polymer solution or melt, and the spinning duration. Thinner fibers can be fabricated by decreasing 

the concentration of the polymer solution or increasing the spinning rate. 

The mechanical properties of the touch-spun fibers are also comparable with the 

mechanical properties of fibers produced by other common methods. For instance, the Young’s 

modulus of the PCL fibers with diameters from 650 to 800 nm was measured to be 0.26 ± 0.08 

GPa, using a three-point bending test and an Atomic Force Microscope (AFM). 

The touch-spinning technique can simply be scaled up by using a rotating hairbrush 

composed of hundreds of filaments. The brush rotates very close to the polymer solution 

underneath it and as the filaments rotate and touch the solution, the fibers are formed. The total 

length of the fibers produced by the 600-filament brush with a 60-mm wide spinneret at 3000 RPM 

in 5 minutes is 1700 km, which is a sufficient amount for a typical tissue-engineering experiment. 

For the tissue engineering and biomedical application, it is possible to simultaneously spray 

the cells on the touch-spun mesh which is held by a spool at the center of the spinneret. For this 

purpose, the spool can be tilted at any angle to wind the fibers onto the frames with complicated 

geometries. Fibers are wound onto the frame with a controlled density that can be regulated by the 
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motion of the spool that shuttles back and forward. Simultaneously, the cells can be sprayed onto 

the frame with winding of the fibers. 

The essential difference of the touch-spinning method from other commonly used methods 

of nanofiber fabrication is in the mechanical control and manipulation of nanofibers that it offers. 

In contrast to all other methods, in touch-spinning single filament nanofibers are drawn by the 

mechanical force that determines not only fiber stretching but also guides fibers onto the spool 

providing better control over fiber alignment. For example, a supporting frame can be held at the 

center of the spinneret to collect the fibers that are formed. After a specific period of time, the 

frame can be rotated by 90° and touch-spinning can be continued for another specific period of 

time which results in creating a mesh for tissue engineering studies. The mesh size and porosity 

can be controlled by adjusting the time of touch-spinning. Furthermore, touch-spinning offers 

opportunities beyond 3D-printing due to the controllable fiber diameter and a several orders of 

magnitude greater speed of scaffold fabrication. This method can be implemented in the laboratory 

and industrial manufacturing. 

 

1.3 Properties of Scaffolds for Tissue Engineering 

Minor immunogenic rejection, risk of disease transmission, limited body supply limit the 

use of autografts and allografts.56 Multiple approaches have been developed to create scaffolds for 

tissue engineering applications to avoid organ transplantation. Three-dimensional printing (3D 

printing) has attracted lots of attention for easy and quick fabrication of scaffolds with designed 

structures and interconnected porosity using synthetic biodegradable polymers or natural 

polymers.57 There are various challenges in preparation of scaffolds using 3D printing. This 

approach does not allow the fabrication of nanoscaled structures and that can limit cell attachment. 
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In addition, vascularization is really challenging in the 3D-printed scaffolds. Vascularization 

improves the performance of the scaffold and survivability of the cells. The cells initially grow at 

the periphery of scaffolds, and the interconnected pores and vascularization helps for the 

continuous ingrowth of cells, flow of nutrients and oxygen, and waste removal.58  

Another approach is the use of fibrous scaffolds for tissue regeneration. In tissue 

engineering, cells are seeded into constructs similar to fibrous proteins in the structure of native 

extracellular matrix.59-60 The polysaccharide chains and fibrous proteins in natural extracellular 

matrix provide support for cell attachment and the elastic behavior of fibrous structures enhances 

cell migration through scaffold.61 Nanofibers dimensions are on the same scale as those of natural 

extracellular matrix and they mimic the mechanical and functional properties of the natural tissues. 

Additionally, the high porosity of fibers, their large surface area, nanoscale dimension, and 

adjustable diameter have made them great candidates as scaffolds for drug delivery and tissue 

engineering applications.62-63 

In a fibrous scaffold, several parameters need to be optimized for a proper tissue 

regeneration. The cell attachment, proliferation, and differentiation are affected by the scaffold 

geometry and pore size.64-65 As the diameter of the fibers decreases, the fiber-fiber contact 

increases and the pore size decreases.66 Extremely small pore size and high packing density of the 

fibers limit cell infiltration which results in non-uniform cell distribution and limited 

vascularization.59, 67-68 The minimum pore size needs to be in the range of cellular dimension for a 

proper cell infiltration, therefore, the minimum pore size depends on the cell types. The flow rate 

and polymer concentration are the main parameters that can be tuned to optimize pore size. 

Increasing the diameter of the fibers creates larger pores and enhances cell migration, however, 

the contact area between cells and fibers decreases. As a result, a balance between pore size and 
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fiber diameter is necessary for optimized cell infiltration and cell attachment.59 Ju et al fabricated 

a bilayered scaffold for tissue-engineered blood vessels using nanofibers to enhance cell 

attachment and microfibers to provide sufficient cellular infiltration.69  

In a cell-permeable 3D scaffold, the cells grow and create better mechanical properties in 

the construct for intracellular signaling. The fibrous scaffold needs to support cell attachment, and 

the interconnected pores should provide sufficient nutrients/oxygen flow and waste removal.70-71 

The fibrous scaffolds need to be biodegradable and the fiber meshes should have sufficient 

mechanical properties to support the 3D cell growth. The electrospun scaffolds limitations are poor 

mechanical properties, insufficient cell infiltration, lack of vascularization, and slow production.42, 

59 Therefore, new fibrous scaffolds with modified properties are required to be fabricated to 

overcome these challenges. 

 

1.4 Characterization 

The structural characteristics of the PCL nanofibers were analyzed by X-ray diffraction 

(XRD), which indicated that the degree of crystallization is significantly higher for the touch-spun 

nanofibers.  

Scanning electron microscopy (FEI Teneo FE-SEM) was utilized to observe the 

morphology of the PCL nanofibers fabricated by electrospinning and touch-spinning. The Fiji72 

software was used to measure the diameter of the nanofibers. 

Mechanical strength is a very important feature in the nerve tissues. We employed uniaxial 

mechanical testing system to measure the mechanical properties of the PCL nanofibers.  

The contact angle analyzer with a microscope camera (AmScope) was used to evaluate the 

surface wettability of the PCL fibers and the untreated glass slide. The contact angle slightly 
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decreased on PCL film substrates 30 and 60 seconds after the droplet fell on the surface. Contact 

angle of the PCL nanofibers at 60 seconds was 47.950.1 whereas the contact angle on the glass 

slide remained at 0, demonstrating its relative hydrophilic property.  

A modular compact rheometer (MCR 302, Anton Paar) was used to measure the viscosity 

of solutions in different solvents. 

The Pendent Drop73 plugin in Fiji72 was used to calculate the surface tension of different 

polymer solutions in various solvents. The contact angle analyzer with a microscope camera 

(AmScope) was used to analyze the pendent droplet. 

 

1.5 Summary and Future Directions 

There are many applications for the nanofibers and microfibers in the fields of 

biotechnology, tissue engineering, nanobioelectronics, textile, and drug delivery, therefore 

fabrication of uniform and aligned fibers has attracted lots of attention. The fibrous mesh creates 

porous interconnections which is desirable for cell infiltration, cell attachment, and differentiation. 

The techniques that have been developed for the fabrication of tissue-engineered scaffolds 

suffer from lack of vascularization which is an important factor to guarantee the survivability of 

the cells by removal of waste and flow of nutrients and oxygen. Most of the common fibrous 

scaffolds are not appropriate for cell loading because of insufficient mechanical properties. 

Therefore, there is a growing demand for new fiber spinning methods that are capable of producing 

fibers with high manufacturing productivity and adequate mechanical properties.  
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Figure 1.1. Effects of the Diameter on the Mechanical Properties of the Fibers74 

 

 

(Papkov, D.; Zou, Y.; Andalib, M. N.; Goponenko, A.; Cheng, S. Z. D.; Dzenis, Y. A. Acs Nano 2013, 7, 3324.) 
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Figure 1.2. Electrospinning17 

 

(Bhardwaj, N.; Kundu, S. C. Biotechnology advances 2010, 28, 325.) 
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Figure 1.3. ForcespinningTM 41, 75 

 

 

(Raghavan, B.; Soto, H.; Lozano, K. Journal of Engineered Fibers and Fabrics 2013, 8, 52.) 

 

(Sarkar, K.; Gomez, C.; Zambrano, S.; Ramirez, M.; de Hoyos, E.; Vasquez, H.; Lozano, K. Materials Today 2010, 

13, 12.) 
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Figure 1.4. Melt-Blowing 

 
 (From Shinwa Industrial Co., Ltd. http://www.shinwa-cc.co.jp/en/products/meltblow.html ) 
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Figure 1.5. Direct Drawing of the Nanofibers using a Micropipette52 

 

(Nain, A. S.; Wong, J. C.; Amon, C.; Sitti, M. Applied physics letters 2006, 89, 183105.) 
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Figure 1.6. Touchspinning53 

 

(Tokarev, A.; Asheghali, D.; Griffiths, I. M.; Trotsenko, O.; Gruzd, A.; Lin, X.; Stone, H. A.; Minko, S., Touch‐and 

Brush‐Spinning of Nanofibers. Advanced Materials 2015, 27 (41), 6526-6532.) 
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Figure 1.7. f) SEM image of PEO nanofibers. g) SEM image of Teflon nanofibers. h) TEM image 

of a core-shell PVA-PCL nanofiber.  

 
(Advanced Materials 2015, 27 (41), 6526-6532) 
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CHAPTER 2 

TOUCH-SPINNING OF NANOFIBERS FOR NERVE REGENERATION1 
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2.1 Abstract 

Touch-spinning is an inexpensive and scalable method which eliminates the effects of the 

dielectric properties of polymer solutions associated with electrospinning. A Touch-spinning setup 

is used for drawing nano- and microfibers from polymer solutions or melts using a rotating rod or 

a set of rods. In this study, we examined the potential for neural cell proliferation on novel aligned 

touchspun polycaprolactone (PCL) nanofibers. The aligned electrospun PCL nanofibers with 

similar diameter and density served as a control group. Neural stem cell (NSC) adhesion and 

proliferation were similar between touchspun fibers and electrospun fibers over 7 days. The 

influence of the fiber alignment and bovine serum albumin (BSA) incorporation on NSC 

differentiation was investigated. Confocal microscopy images showed that NSCs attached and 

proliferated over all scaffolds up to 8 days. Neurite quantification analysis revealed that the NSCs 

cultured on the touchspun fibers with incorporated BSA increase the expression of neuron-specific 

class III -tubulin after 8 days. More importantly, NSCs grown on the aligned touchspun PCL 

fibers exhibited a bipolar morphology that oriented along the fiber direction, while NSCs grown 

on the aligned electrospun PCL fibers had a multipolar morphology. The structural characteristics 

of the PCL nanofibers were analyzed by X-ray diffraction (XRD), which indicated that the degree 

of crystallization of the touchspun fiber is significantly higher than that of electrospun fiber. The 

higher degree of crystallinity of the touchspun fibers resulted in a greater Young’s modulus of the 

touchspun fibers. These findings indicate that the aligned touchspun nanofibers show considerable 

potential for neural tissue regeneration and tissue engineering applications. 
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2.2 Introduction 

Fabrication of nanostructured scaffolds for biological applications has been very 

promising, as their nanoscale dimension mimics the natural extracellular matrix where cells can 

interact efficiently.76-80 The polymeric nanofibers are particularly useful due to their high surface 

area and porosity, which enhance cell adhesion.20-21 Additionally, aligned fibers have provided 

better contact guidance effects on the neurite outgrowth of primary cortical neurons and PC-12 

cells, which makes them effective scaffolds for nerve tissue repair for injuries sustained by the 

spinal cord or peripheral nerves.23, 81-83 Electrospinning is a conventional method to stretch a 

droplet of polymer solution and create nanofibers by applying a high-voltage electric field. In 

addition to a high voltage (~20 kV) electric field, an electrospinning strongly depends on the 

solvent dielectric properties. Despite its popular use in tissue engineering applications, several 

reports have shown detrimental effects of the high voltage on the loaded biomolecules in the 

electrospun fibers, and as such, there have been challenges to retain the bioactivity of loaded drugs 

and biomolecules, such as bovine serum albumin (BSA) and heparin.43-45 Hence, it is becoming 

increasingly apparent that there is a need to develop a new technique to produce polymeric 

nanofibers with enhanced biocompatibilities. 

The touch-spinning technique has been developed recently to create polymer nanofibers 

without using high-voltage electric fields.53 In this simple and controllable process, the polymer 

solution is pushed through a syringe and adhered to a rotating rod or a set of rods on a spinneret in 

order to draw the fiber from a droplet of polymer solution. The resulting fiber diameter is 

controlled precisely in the range of 40 nm to 5 μm by adjusting the rotational speed and the polymer 

concentration. The spinning setup can be used to wind unidirectionally, orthogonally, and 

randomly oriented 2D- and 3D-meshes with controlled density. The fibers can be spun around a 
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glass coverslip to make scaffolds for further biological studies. Furthermore, touch-spinning offers 

opportunities beyond 3D-printing due to the controllability of the fiber diameter and a several 

orders of magnitude greater speed of scaffold fabrication. Thus, due to its ease of use and 

adjustability, this fabrication method can be implemented in the laboratory and in industrial 

manufacturing. 

Several biomaterials have been investigated for neural tissue engineering. Among these, 

PCL is a well-known biocompatible polymer on which to grow neural cells. Modifications of PCL 

by blending with other chemicals or growth factor proteins can closely mimic the physiological 

microenvironment and can enhance cell growth and differentiation84-88. As an example, a study by 

Tabernero et al. demonstrated that albumin can promote neuronal survival by increasing the 

synthesis and release of glutamate89. Here, blended PCL solution with BSA was used to stimulate 

the cell growth. Specifically, we examined the effects of BSA in both electrospun and touchspun 

fibers on the neural cell growth and differential potential of neural stem cell. Additionally, the 

degree of crystallinity is an important factor for polymer materials to interact with cells. Polymers 

with high crystallinity have higher densities and stiffness’s which may influence cell contact 

guidance. There have been several reports of cellular response to polymers with different 

crystallinity properties90-93, but to the best of our knowledge, the influence of different crystallinity 

of PCL nanofibers on neural cell behavior has yet to be determined. Some studies have indicated 

that the electrospun fibers from polymer solutions exhibit lower crystallinity properties than fibers 

produced from melts.94-96 In this study, we investigated how touch-spinning affects the degree of 

crystallinity of PCL nanofibers compared to that of electrospinning.  

Mouse neuroepithelial cells (NE-4C) were the preferred cell model for this study as they 

can display several characteristics of neural stem cells (NSCs) such as nestin and tubulin beta III 
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immunoreactivity, self-renewal, and differentiation into distinct neural cell types upon appropriate 

induction.97-98 In the presence of retinoic acid (RA), NSCs differentiate into neurons and astrocytes 

in a progressive process, through well-defined stages in which they display specific morphological 

and cell physiological characteristics.97 However, to our knowledge , there have been no studies 

that have demonstrated the alignment of NE-4C cells during the stages of neural differentiation.  

This work demonstrated aligned touchspun PCL nanofibers with a high degree of 

crystallinity to fabricate a first of its kind neural construct and subsequently investigated NSC 

growth and differentiation therein. The primary objectives of the present study were to (1) evaluate 

the feasibility of utilizing a touch-spinning setup to create an aligned nanofibrous scaffold, and to 

(2) examine the proliferative capability and differentiation potential of NSCs in the resultant 

scaffold in vitro. 

 

2.3 Experimental Section 

2.3.1 Polymer Solution Preparation 

PCL (Mn = 80,000 g.mol−1) (Aldrich) was dissolved in chloroform (ACS grade, BDH, 

VWR) for 1 hr at 60 °C to produce a solution with concentration of 8 wt%.  

The 0.01% BSA in PCL solution was prepared by dissolving 0.1 mg BSA (Sigma Aldrich, 

lyophilized powder with MW~66 kDa) in 1 mL of chloroform at room temperature. Then, PCL 

(Mn = 80,000 g.mol−1) (Aldrich) was added to the BSA solution in chloroform to prepare 8 wt% 

solution. 

2.3.2 Touchspun and Electrospun Nanofiber Preparation  

For the touchspun samples, the rotation speed of the spinneret was set at 1400 RPM. The 

setup included two bars that were glued onto the spinneret that simply “touched” the polymer 



 

27 

droplet which was ejected from the tip of a syringe needle (i.d.=0.9 mm) and drew out the fibers 

as the spinneret rotated and the solvent evaporated. The polymer solution was pushed by an 

automated pump (Razel Scinetific Instruments, variable speed syringe pump, model R99-E) 

through the syringe (HamiltonTM 1000 series gastightTM syringe, 1 mL) at a flow rate of 10 µL.min-

1. The fibers were spun at room temperature and were collected around a 12-mm glass circular 

coverslip (Fisher Scientific).  

The electrospun samples were prepared utilizing an electrospinning setup (Spraybase®) 

with a rotating drum collector (Profector Life Sciences Ltd.) with the rotation speed of 1400 RPM. 

The 8 wt%-PCL solution was pushed through a syringe (HamiltonTM 1000 series gastightTM 

syringe, 1 mL) at the flow rate of 10 µL.min-1. The needle (i.d.=0.9 mm) was connected to the 

voltage of 20 kV and the working distance was adjusted to 110 mm. The fibers were spun at room 

temperature and they were collected on the 12-mm glass circular coverslip (Fisher Scientific). 

2.3.3 Fiber Characterization 

A FEI Teneo Scanning electron microscope (SEM) was employed to assess morphology 

and channel size of prepared touchspun and electrospun fibers. All samples were sputter coated 

with iridium for 30 s at a coating rate of 0.1 nm/s prior to the imaging.  

The crystal structures of the samples were characterized by an x-ray diffractometer (XRD) 

(PANalytical X’Pert PRO MRD). The XRD scans were recorded with a Cu Kα1 radiation (λ = 

1.541 Å) in the 2θ range from 15°–35° with a step size of 0.03°. 

In addition, Differential Scanning Calorimeter (DSC), TA Instrument DSC SW 9.01, was 

used to determine the %crystallinity of the touchspun and electrospun fibers. Samples were heated 

from -70 °C to 120 °C at a scanning rate of 10 °C/min under a nitrogen atmosphere.    
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The contact angle analyzer with a microscope camera (AmScope) was used to evaluate the 

surface wettability of the PCL fibers and the untreated glass slide. 

2.3.4 Mechanical Testing 

The fiber samples from both touch-spinning and electrospinning techniques were collected 

on rectangular frames of the size of 10 mm × 30 mm for the mechanical tests. An electromechanical 

universal test system (MTS Criterion® Model 42) conducted tensile mechanical testing of the PCL 

nanofibers under a constant crosshead rate of 2 mm.min-1. All prepared scaffolds were further 

trimmed into 10 mm × 18 mm rectangular sheets and were clasped on each end by the mechanical 

grips. Five electrospun and five touchspun samples were prepared to find the average Young’s 

modulus values for each spinning method. Young's modulus was calculated by dividing the force 

on the fiber by the effective cross-sectional area of the fiber, A. The effective cross-sectional area, 

A, was determined using 

𝐴 =
𝑊

(𝐿×𝑃𝐷) 
  

where W represents weight of the fiber, L, the length of the fiber, and PD, the density of PCL 

(1.145 g.mL-1).       

2.3.5 Culture of NE-4C Neural the Cells on Scaffolds 

NSCs (NE-4C, ATCC) were utilized to evaluate cell responses on various printed nerve 

scaffolds. NSCs were cultured in Eagle’s Minimum Essential Medium (ATCC), 5% fetal bovine 

serum (FBS, ATCC) and 1% L-glutamine (Sigma-Aldrich). Cells were cultured in the 150 cm2-

flask under a humidified atmosphere with 5% CO2 at 37 °C. The culture medium was changed 

every two days. Prepared scaffolds were punched into small circle samples with a 10-mm diameter. 

The samples were then sterilized by 70% ethanol for 30 minutes, rinsed and immersed in phosphate 

buffered saline (PBS) overnight, and pre-wetted in poly-l-lysine at 37 °C before cell seeding. NSCs 
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were seeded at a density of 30,000 cells per scaffold for a 4-hour cell attachment and 1-, 4- and 7-

day proliferation studies. After each prescribed time interval, scaffolds were transferred to new 

well-plates. A Cell Counting Kit-8 (CCk-8, Dojindo Molecular Technologies, Inc.) was used to 

assess the NSC viability after a 2-hour incubation at 37 °C. The absorbance was analyzed using a 

Thermo Scientific Multiskan GO Microplate Spectrophotometer at the wavelength of 450 nm. The 

adhesion and proliferation studies were repeated three times with three replicates per group, 

totaling 9 samples per group. 

2.3.6 Immunocytochemistry of NSCs on the Scaffolds 

For differentiation studies, NSCs were cultured in the respective standard medium with 

10−6 M RA on the electrospun fibers and touchspun fibers for 8 days. All PCL fibers were 

prewetted with control media overnight to enhance the cellular attachment. After each culture 

period, samples were rinsed with PBS and fixed with 10% formalin for 12 minutes at room 

temperature for the specified time. The cells were further permeabilized with 0.2% Triton X-100 

in PBS for 5 minutes. Diluted primary antibody, mouse anti-TUJ1 (1: 1,000; Covance) was gently 

added in scaffolds and incubated at 4 °C in a moist environment overnight. This was followed by 

the secondary antibody incubation with Alexa Fluor 594 goat anti-mouse (Life technologies) at 

room temperature. The cell nuclei were stained by 10 µg.mL-1 4′-6-diamidino-2-phenylindole 

dihydrochloride (DAPI) (Life technologies). Laser scanning confocal microscopy (LSCM 710, 

Zeiss) was employed to visualize and monitor the fluorescent images of the 3D neural cell growth 

and neurite extension of the cells. 

2.3.7 Quantification of Neurite Angle and Length 

Angle measurements were constrained between 0° and 90°. ImageJ99 (ImageJ; National 

Institutes of Health, Bethesda, MD) and the NeuriteTracer100 plugin were used to calculate the 
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angle between the fibers or channels of the scaffold and the neurite extension. Neuronal cells and 

neurite expression level were also quantified with the ImageJ software. Image processing for linear 

color level adjustments in Zeiss Zen were applied identically to all conditions. At least four areas 

were randomly selected for analysis on each sample (4 samples/group) using a 10x objective. A 

total of 37 to 441 cells/group were observed with nuclear staining (DAPI) and the portion of 

neuronal cells, that is, TUJ-1 positive cells, were calculated.  

2.3.8 Statistical Analysis                                                                                                                          

All quantitative data are expressed as average ± standard error of the mean. Numerical data 

were analyzed via student’s t-test to determine differences among the groups. Statistical 

significance was considered at p<0.05. 

 

2.4 Results  

2.4.1 Characterization of the Prepared PCL Nanofibers  

FEI Teneo FE-SEM was utilized to observe the morphology of the PCL nanofibers 

fabricated by electrospinning and touch-spinning. Figures 2.1A and 2.1B represent the aligned 

PCL nanofibers prepared by electrospinning and touch-spinning methods, respectively. The 

aligned PCL fibers were successfully fabricated from the 8-wt% PCL solution. Fiji72 software was 

used to measure the diameter of the nanofibers. The average diameter of 50 electrospun and 

touchspun nanofibers were 481±80 nm and 431±30 nm, respectively.  

The crystal structures of the PCL nanofibers prepared by two separate spinning techniques 

were confirmed by XRD analysis and the data has been plotted in Figure 2.2. The peak positions 

for both electrospun and touchspun PCL fibers were essentially identical; showing two strong 

peaks at 2θ=21.5° and 23.9°, respectively, suggesting no change in crystal structure by fabrication 
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techniques. However, touchspun PCL fibers exhibited much higher percentage of crystallinity, 

71% compared to 51% from the electrospun PCL fibers according to XRD results (Table 2.1). In 

Table 2.2, the degrees of crystallinity of the fibers have been shown using the first two cycles of 

DSC spectra. The %decrease of crystallinity from cycle 1 to cycle 2 is much higher in touchspun 

fibers which may prove the cold-drawing effect in the touchspinning process. 

 Some studies indicated that electrospun fibers from polymer solutions have a lower 

crystallinity than fibers produced from melts. 101 In touchspinning, the drawn fiber solidifies when 

it is pulled by the needle in the direct contact with the fiber. In contrast to electrospinning, the 

applied force in touchspinning is sufficiently large to stretch the nanofibers at the stage of 

polymer vitrification. This is equivalent to cold-drawing which improves chain alignment and 

crystallinity.102  

Cellular and extracellular matrix alignment is a common feature of biological tissue such 

as the tracts of aligned cells present within the nervous system 103. Development of an aligned 

ECM architecture of native nerve tissue with appropriate restoration of mechanical properties is 

crucial in clinical repair 103-104. In this regard, both electrospinning and touchspinning are suitable 

fabrication techniques as they can produce well aligned fibrous scaffold, which is important for 

applications involving mechanically anisotropic soft tissues. Specifically, we employed a uniaxial 

mechanical testing system to measure the mechanical properties of the PCL nanofibers. Elastic 

stress-strain behavior of both electrospun (Figure 2.3A) and touchspun (Figure 2.3B) fibers 

showed a non-linear mechanical response reminiscent of soft tissues. It should be noted that the 

Young’s modulus of the touchspun fibers was significantly higher than that of the electrospun 

fibers, which is in agreement with the %crystallinity values (Figure 2.3C). Specifically, the 

Young’s modulus of PCL touchspun fibers was increased by 6-fold over the electrospun fibers. It 
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is assumed that the greater toughness of the fibers was primarily due to the greater crystallinity 

within the fibers. As discussed earlier, the touchspinning technique produced PCL fibers with 

higher molecular alignment compared to the electrospun fibers.  

The static contact angles of a water droplet (5.0 µL) on the untreated glass slide and the 

PCL fibers were 0 and 52.50.6, respectively. Contact angle slightly decreased on PCL film 

substrates 30 and 60 seconds after the droplet fell on the surface. The contact angle of the PCL 

nanofibers at 60 seconds was 47.950.1 whereas the contact angle on the glass slide remained at 

0, demonstrating its relative hydrophilic property (Figure 2.4). 

2.4.2 Biocompatibility Analysis of the PCL Nanofibers 

The 4-hour attachment study showed that the NSC adhesion increased by 50% on both 

electrospun and touchspun fibers compared to the glass substrate (Figure 2.5), however, there was 

no statistical difference between the electrospun and the touchspun fibers. For the subsequent 

studies, we incorporated BSA into each PCL fiber to investigate its effect on NSC growth and 

differentiation. A CCK-8 assay was carried out to evaluate the viability of NSC on the electrospun 

and touchspun PCL fibers. The CCk-8 assay involves a reduction reaction that reduces the CCK-

8 reagent to formazan when incubated with viable cells, providing information about cell growth 

and metabolic activity of the cells. Figure 2.6 shows the 7-day proliferation of the NSCs on the 

resultant scaffolds. The NSCs cultured on both electrospun and touchspun PCL fibers have 

increased by 58% and 71%, respectively, compared to the glass control group at day 7. However, 

there was no statistical difference between electrospun fibers and touchspun fibers at day 7. 

Furthermore, the incorporation of BSA did not affect NSC proliferation between electrospun fibers 

and touchspun fibers throughout the 7 days of cell culture. 
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2.4.3 Early Differentiation of NSCs on the PCL Nanofibers 

Confocal microscopy images showed early stages of the neural differentiation stained by 

TUJ-1 (Figure 2.7A). The NSCs cultured on the glass substrate maintained spherical cluster 

whereas NSCs cultured on the aligned fibers elongated along the fibers. After 4 days of RA 

induction, small amounts of TUJ-1 immunostaining appeared on all constructs. Figure 2.7A shows 

the early neural differentiation of NE-4C cells on various PCL nanofibers. Confocal micrographs 

show NSCs spreading and morphology on the surface of the aligned PCL fibers as well as on the 

surface of the glass slide. However, by Day 4, it was difficult to see the orientation of NSCs along 

the fibers. Figure 2.7B represents TUJ-1 relative expression on the PCL fibers versus the glass 

slide. As shown on Figure 2.7A, higher TUJ-1 expression levels were more evident on the PCL 

fibers than on the glass slide. NSCs cultured on the glass slide had about 1.6 TUJ-1 levels 

compared to ~15 on the PCL fibers. There was a significant difference among the various PCL 

fibers. The ratio of TUJ-1 and DAPI was also consistent with the relative expression levels of TUJ-

1 (Figure 2.7C). The percentage of TUJ-1 positive cells was greatly increased on all PCL 

nanofibers compared to that of the glass slide (Figure 2.7C). However, it should be noted that 

incorporation of BSA in touchspun fibers did not appear to change the TUJ-1 expression levels by 

day 4. 

By the 8th day of neural differentiation, the clusters of TUJ-1 positive cells were apparent 

throughout the substrate (Figure 2.8A). TUJ-1 positive cells on the glass slide tended to form a 

large aggregate and remained within the boundary of DAPI positive cells. TUJ-1 positive cells on 

the PCL fibers tended to form a smaller aggregate along the fiber. More importantly, longer neurite 

extension was more noticeable on the PCL fibers connecting between the aggregates. When 

comparing the TUJ-1 relative values, NSCs cultured on the touchspun fibers with BSA had a 
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significantly higher value compared to any other groups (Figure 2.8B). Consistently, the value of 

TUJ-1 expression per DAPI within cells on the touchspun fibers with or without BSA significantly 

increased compared to glass and electrospun fibers by day 8 (Figure 2.8C). 

We also observed enhanced neural alignment on the touchspun PCL nanofibers. Figure 

2.9A shows that the touchspun fibers provide a significant degree of neurite alignment on the 

fibers, with 14% of the neurite segment angles directly matching the direction of fibers and 41% 

within five degrees of the fiber direction (Figure 2.9C). Neurite angling towards 0 degree along 

the fiber indicates that the neurites have a strong tendency to orient in the direction of the fiber 

alignment. Electrospun fibrous scaffolds also supported some level of neurite alignment. 

Approximately 10% of all neurites were distributed within 5 degrees of the aligned fibers. 

However, about 52% of all neurites were differentiated at greater than 20 degrees of aligned fibers.  

 

2.5 Discussion 

2.5.1 Touch-Spinning is a Viable Alternative to Electrospinning for Creating Neural 

Scaffolds 

In this study, we generated PCL nanofibers from two different fabrication methods 

including the conventional electrospinning method and a novel touch-spinning53 technique. The 

touch-spinning set up utilized an automated pump which dispensed the polymer through a syringe 

at 10 µL.min-1. Affixed to the syringe was a needle which was placed within close proximity to 

the spinneret. Two bars were attached opposite each other on the spinneret. The spinneret rotated 

at 1400 RPM and collected the droplet as it came in contact with the bars. In the center of the 

spinneret there was a rotating glass coverslip which collected the newly formed fibers. In this 

simple and scalable technique, the density, thickness, porosity, and diameter of the nanofibers can 
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be changed by adjusting the spinneret rotation speed, solution flow rate, concentration of the 

polymer solution or melt, and the spinning duration. This novel fabrication method works 

independently of the dielectric properties of the polymer solution, which in turn enhances the 

biocompatibility of the fiber fabrication process. For the preparation of scaffolds, growth factors 

and other biomolecules can be incorporated directly into the solution before spinning the fibers. 

One of the most noticeable advantages of touchspinning over other current spinning methods is in 

its ability to use a two-droplet touch-spinning technique when the polymer formation is diffusion-

limited as in ultrafast ion exchange or click chemistry reactions. In this case, two polymer solutions 

can be pushed through two syringes and the tips of the two needles are positioned in a way that 

the two droplets are held very close to each other, but not in contact. As the spinneret rotates and 

the bar on the spinneret touches the droplets from two needles simultaneously, the polymer 

solutions are drawn fast enough before the crosslinking takes place. For example, alginate nano- 

and microfibers, which can be used as biodegradable scaffolds for various biomedical applications, 

can be fabricated through crosslinking with Ca2+ ions using the two-droplet touch-spinning 

technique. Other techniques such as co-axial spinning and microfluidic spinning have presented 

low productivity rates due to the long contact time between the two reactive solutions.53         

An ideal nerve conduit should have a Young’s modulus approaching that of nerve tissues 

to withstand manual manipulation and in vivo physiological loading during nerve regeneration, as 

well as to retain its structure after implantation.105 A recent study from Liu et al. showed that the 

Young’s modulus of a human sciatic nerve in the longitudinal direction is in the range of 40.96  

2.59 MPa.106 Both touchspun fibers and electrospun fibers showed a Young’s modulus of 12  0.9 

MPa and 79  11 MPa respectively, indicating the favorable tensile properties of touchspun fibers.  
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The higher degree of crystallinity of the touchspun fibers is mainly due to the torsional force being 

applied to the drawn fiber uniformly and continuously. The needles on the spinneret are in 

mechanical contact with the polymer droplet and the force is applied to the polymer droplet during 

the fiber formation process. The hypothesis is that the force is applied to the entire length of the 

fiber after solidification which is similar to the cold-drawing process. Therefore, there is a possible 

polymer chain stretching and alignment which enhances the crystallinity degree and elasticity of 

the touchspun nanofibers. In contrast, the force is applied locally to the polymer droplet in 

electrospinning and the force is not uniformly applied to the entire length of the fiber, since the 

electrical force depends on the distance from the needle. This results in lower %crystallinity due 

to the instability during fiber formation. 

2.5.2 BSA Incorporated Touchspun Enhanced Early Differentiation of NSCs 

Serum albumin is the most abundant protein component of blood plasma and has been 

shown to play a crucial role in tissue development.107-108 BSA has been widely used in cell culture 

experiments and has been found to be present during the early stages of brain development. It has 

been suggested that albumin could play an important role in the neural stem differentiation.89, 109 

Furthermore, it is known that BSA can regulate the spread of calcium waves and the rate of 

astrocyte proliferation. Tabernero et al. showed that BSA can strongly increase the flux of glucose 

and lactate through the pyruvate dehydrogenase catalyzed reaction in the primary cultured 

astrocytes.89 In the present study, 0.01% w/v BSA was blended into PCL solution and the fibers 

were fabricated by electrospinning and touch-spinning methods. We examined how incorporated 

BSA affects early neuronal differentiation of NSCs by observing ß-tubulin class III expression 

level on the resultant fibers. 
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When observing NSCs on the touchspun PCL nanofibers with incorporated BSA, it was 

discovered that ß-tubulin class III expression level per nuclei was enhanced compared to those on 

the electrospun PCL nanofibers after 8 days of culture (Figure 2.8C). When looking at ß-tubulin 

class III expression levels alone, NSCs cultured on the touchspun nanofibers with BSA had 

significantly higher expression values than any other group. This is indicative that NSCs cultured 

on the touchspun fibers with BSA were more likely to be differentiated into neuronal lineages as 

compared to those cultured on the electrospun fibers with or without BSA. There are several 

possible mechanisms to explain why BSA incorporated in the touchspun fibers greatly promoted 

early neuronal differentiation compared to the electrospun fibers. An increase in early 

differentiation of NSCs on the touchspun fibers with BSA may be partly due to the conformational 

stability of protein. 

Protein function is determined by the explicit conformation of the polypeptide chain. The 

misfolding of proteins results in loss of enzymatic activity and in many cases amyloid fibril 

formation.110 Some studies have shown that small electric field compared to the protein 

intermolecular forces induce changes in BSA conformation.110-111 Electrospinning involves a high 

voltage to stretch out polymer fibers, which may diminish the bioactivity of incorporated growth 

factors by affecting conformational stability as well as enzyme activity.112 A study by Ji et al. 

showed that after electrospinning, their electrospun samples showed a significant decrease in 

enzyme activity of alkaline phosphatase (ALP) compared to freshly dissolved ALP. Secondary 

structure analysis further confirmed that incorporated proteins of electrospun fiber underwent 

conformational changes, suggesting that high voltage may be harmful to the loaded 

biomolecules.113 In contrast to conventional electrospinning, our novel touchspinning method does 
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not involve high voltage to produce highly aligned polymeric nanofibers, which may be helpful in 

preserving the activity and conformation of loaded growth factors. 

2.5.3 Directed Neurite Outgrowth of NSCs on the Touchspun Fibers 

Figure 2.9A shows the confocal micrograph and neurite traced image of TUJ-1 expression 

of NSCs cultured on the highly aligned PCL touchspun and electrospun nanofibers. The result 

exhibits a higher order of alignment of NSCs on the touchspun fibers compared to NSCs on the 

electrospun fibers. Furthermore, most of the differentiated NSCs exhibited bipolar morphology 

with two extended neurites on the touchspun fibers, whereas NSCs cultured on the aligned 

electrospun fibers expressed multipolar processes. These results suggest that the aligned neurite 

outgrowth of NE-4C cells might be mainly guided by the chemical or physical cues of PCL 

touchspun nanofibers since there was no obvious oriented neural growth provided by the aligned 

electrospun fibers. 

As we discussed previously, the touchspinning method changed the chemical and 

mechanical properties of the resultant PCL nanofibers compared to the electrospun fibers. Among 

those altered features, high crystallinity properties of the touchspun fibers may play an important 

role in governing neural stem cell growth, spreading, and alignment during the early stage of the 

neural differentiation.92 The mechanism of this cell response to crystallization-induced surface is 

still unclear. But it is well documented that polymers with higher crystallinity result in a stiffer 

substrate which influence cytoskeletal organization and subsequent cell phenotype.91, 114-116 Some 

studies found that highly crystalline or stiffer substrates were found to better support focal 

adhesion, spreading, proliferation, and differentiation of several stem cells.91-92 Cui et al. showed 

that while chemical composition, hydrophobicity, and surface roughness of PCL/PGA polymers 

were held constant, crystallinity and rigidity of the polymers played major roles in determining 



 

39 

cell response.92 In that study, highly crystalline and rigid PCL and PGA substrates significantly 

increased fibroblast growth compared to the amorphous polymer surface. However, it should be 

noted that other types of cells such as osteoblasts, were found to favor less crystalline substrate for 

growth and spreading.92 

To our knowledge, no previous studies have successfully demonstrated the influence of the 

polymer crystallinity on the alignment of NE-4C NSCs. NE-4C cells tends to form aggregates to 

induce neural differentiation, which is not particularly conducive for the induction of neural 

alignment. The present study has demonstrated for the first time that high crystalline PCL 

touchspun nanofibers can enhance neural alignment of the NE-4C cells. 

 

2.6 Conclusion 

We report the fabrication of touchspun PCL nanofibers that exhibited a higher degree of 

crystallinity over the fibers yielded by conventional electrospinning. We demonstrate the enhanced 

physical, chemical, and mechanical properties of these aligned nanofibers prepared by the 

touchspinning technique. Specifically, the crystallinity of the touchspun PCL nanofiber was much 

higher than that of electrospun fibers. Incorporated BSA within the touchspun fibers increased the 

expression of neuron-specific class III -tubulin compared to other scaffolds by day 8. More 

importantly, the aligned PCL touchspun nanofibers promoted aligned neurite outgrowth of NSCs, 

suggesting its potential utility in treating conditions ranging from spinal cord injury to peripheral 

nerve lesions. 
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Figure 2.1. SEM images of aligned PCL nanofibers prepared by (A) electrospinning and by (B) 

touchspinning  
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Figure 2.2. XRD pattern describing the crystallinity of PCL fibers prepared by touchspinning and 

electrospinning 
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Table 2.1. % Crystallinity from XRD spectra of the nanofibers fabricated by touchspinning or 

electrospinning at 1400 RPM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Touchspun Fibers Electrospun Fibers 

Collector Rotation Speed 

(RPM) 
%Crystallinity %Crystallinity 

1400 71 51 
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Table 2.2. % Crystallinity from DSC spectra of the nanofibers fabricated by touchspinning or 

electrospinning at varying rotation speeds of the collector. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Touchspun Fibers Electrospun Fibers 

Collector 

Rotation 

Speed 

(RPM) 

%Crystallinity 

1st Cycle 

%Crystallinity 

2nd Cycle 
%Change 

%Crystallinity 

1st Cycle 

%Crystallinity 

2nd Cycle 
%Change 

1400 57 47 18 45 42 7 
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Figure 2.3. (A and B) Stress-strain curve of electrospun and touchspun PCL nanofibers, 

respectively. (C) Young’s modulus values for PCL nanofibers. Data are mean ± standard error of 

the mean. n=4; **p<0.01 when compared to electrospun fiber. 

B A 

C 



 

46 

 

 

 

 

 

Figure 2.4. Contact angle of PCL film when compared to glass. Data are mean ± standard error of 

the mean; N=4. 
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Figure 2.5. Neural stem cell adhesion on various substrates after 4 hours of culture. Data are mean 

± standard error of the mean; N=9, *p<0.05 when compared to glass. 
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Figure 2.6. Enhanced neural stem cell proliferation on glass (a, f, k), electrospun fibers (b, g, l), 

electrospun fibers with BSA (c, h, m), touchspun fibers (d, i, n), touchspun fibers with BSA (e, j, 

o) after 7 days of culture. Data are mean ± standard error of the mean, N=9; *p<0.05 when 

compared to glass at day 1, ***p<0.001 when compared to glass at day 7.  

 

 

 

 

 

 



 

49 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Immunocytochemical staining of TUJ1 (red) and DAPI (blue) on: (A: a, f, k) glass, 

(A: b, g, l) electrospun fibers, (A: c, h, m) electrospun fibers with BSA, (A: d, i, n) touchspun 

fibers and (A: e, j, o) touchspun fibers with BSA after 4 days. Relative TUJ1 expression levels on: 

(B-a) glass, (B-b) electrospun fibers, (B-c) electrospun fibers with BSA, (B-d) touchspun fibers 
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and (B-e) touchspun fibers with BSA after 4 days were determined by ImageJ software. 

Quantification of percentage of TUJ-1 cells on: (C-a) glass, (C-b) electrospun fibers, (C-c) 

electrospun fibers with BSA, (C-d) touchspun fibers and (C-e) touchspun fibers with BSA at day 

4. Data are mean ± standard error of the mean, N=6; **p<0.01 when compared to glass. Scale bar 

= 200 m. 
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Figure 2.8. Immunocytochemical staining of TUJ1 (red) and DAPI (blue) on (A: a, f, k) glass, 

(A: b, g, l) electrospun fibers, (A: c, h, m) electrospun fibers with BSA, (A: d, i, n) touchspun 

fibers and (A: e, j, o) touchspun fibers with BSA after 8 days. Relative TUJ1 expression levels on: 

(B-a) glass, (B-b) electrospun fibers, (B-c) electrospun fibers with BSA, (B-d) touchspun fibers 

and (B-e) touchspun fibers with BSA after 8 days were determined by ImageJ software. 

Quantification of percentage of TUJ1 cells on: (C-a) glass, (C-b) electrospun fibers, (C-c) 
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electrospun fibers with BSA, (C-d) touchspun fibers and (C-e) touchspun fibers with BSA at day 

8. Data are mean ± standard error of the mean, N=6; *p<0.05. Scale bar = 200 m. 
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Figure 2.9. Confocal micrographs of (A) NSC growth and spreading on PCL nanofibers. Cells 

were stained with TUJ1 (red) as shown on (A-a) for electrospun fibers and (A-b) for touchspun 
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fibers. The associated neurite outgrowth was traced automatically by NeuriteTracer Plug-in as 

shown on (A-c) for electrospun fibers and (A-d) for touchspun fibers. The neurite angle 

distribution on the corresponding electrospun PCL fibers (B) and touchspun fibers (C). The angles 

between electrospun fibers and neurites have been shown on: (B: a, b, c, d, e) for angles of <5°, 

5°~30°, 30°~55°, 55°~80°, >80°. Also, the angles between touchspun fibers and neurites have 

been shown on: (C: a, b, c, d, e) for angles of <5°, 5°~30°, 30°~55°, 55°~80°, >80°. N=6. 
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CHAPTER 3 

ENHANCED ALIGNMENT OF THE NEURAL STEM CELLS ON THE TOUCH-SPUN 

NANOFIBROUS SCAFFOLDS 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
2 D. Asheghali, S.-J. Lee, A. Furchner, S. Larson, A. Tokarev, A. Gruzd, S. Stake, K. Hinrichs, L. G. Zhang, S. Minko. 
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3.1 Abstract 

Touchspinning is a simple and scalable method for the fabrication of nano- and microfibers 

from polymer solutions or melts. This technique does not depend on the dielectric properties of 

polymer solutions and has shown advantages over the common fiber spinning techniques, such as 

electrospinning and microfluidic spinning. The touchspinning setup consists of a spinneret, a 

motor, and a syringe pump. A set of rods is perpendicularly attached to the spinneret. As the 

spinneret rotates, the rods touch the polymer droplet and the fiber is formed when the rod is pulled 

away. In this study, the aligned touchspun polycaprolactone (PCL) nanofibers were fabricated at 

different spinning rates, and the proliferation potential of the neural stem cells (NSCs) was 

analyzed on these nanofibrous scaffolds. The aligned electrospun PCL nanofibers were fabricated 

at spinning rates similar to the touchspun nanofibers and they were served as a control group. The 

structural characteristics of the PCL nanofibers were analyzed by X-ray diffraction (XRD). The 

degree of crystallinity of the touchspun fibers was greater than that of electrospun fibers at various 

spinning rates. Also, the Young’s modulus values of the touchspun fibers at various spinning rates 

were much higher (>600%) than those of electrospun fibers. NSCs exhibited an elongated neurite 

growth along the touchspun PCL nanofibers at varying spinning rates, whereas, NSCs tended to 

aggregate on the entangled electrospun PCL nanofibers. As the spinning rate of the touchspun 

nanofibers increased, the percentage of neuronal cells generated from NSCs increased. These 

results have shown the feasibility of using the touchspinning technique to fabricate fibrous 

scaffolds for neural tissue engineering applications.  

 

  



 

57 

3.2 Introduction 

Fibers and nanofibers are playing a growing role in various applications ranging from the 

design of new composite materials to the fabrication of tissue engineering scaffolds for artificial 

bones and organs. There are many challenges for the nerve gap reconstruction using autografts and 

allografts. These challenges include loss of function at the donor site, limited body supply, and 

formation of neuromas.56 Due to their high porosity, large surface area, nanoscale dimension and 

adjustable fiber diameter, nanofibrous scaffolds have attracted considerable attention for tissue 

engineering applications, including nerve damage repair.62 Additionally, the comparable 

morphology of nanofibers to the natural extracellular matrix helps make these nanostructures 

suitable for tissue engineering and drug delivery applications.  

The technique of electrospinning has been used extensively to create 2D and 3D scaffolds 

for biomedical applications.117-118 In electrospinning, the polymer solution is pushed through a 

syringe and the pendent polymer droplet is charged via exposure to a high voltage (~20 kV) so the 

droplet becomes charged. The droplet stretches once the electrostatic repulsion counteracts the 

surface tension of the polymer droplet. When the electrostatic repulsion overcomes the surface 

tension, the polymer droplet ejects from the tip of the needle. As the droplet stretches and the 

solvent evaporates, the diameter of the fiber decreases. This technique is very well studied; 

however, it is extremely dependent on the dielectric properties of the polymer solution. Moreover, 

several reports have shown that the applied high-voltage in electrospinning has negative effects on 

the loaded biomolecules, such as bovine serum albumin (BSA) and heparin.43-45 Touchspinning is 

a new technique that is absolutely independent of the dielectric properties of the polymer 

solution.53 In this simple and controllable process, a rotating rod (or a set of rods) is glued to a 

spinneret. The polymer solution is pushed through a syringe forming a droplet at the tip of a needle. 
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The distance between the polymer droplet and the tip of the rod on the spinneret is adjusted so that 

the rod contacts the polymer droplet as the spinneret rotates. Following the initial “touch”, the 

polymer droplet forms a liquid bridge. As the spinneret rotates, the liquid bridge stretches and the 

fiber length increases with the diameter decreasing due to mass conservation. The surface area of 

the liquid thread increases with its elongation and thus generates a larger surface area for eventual 

solvent evaporation from the thread. The fibers can easily be collected on the coverslip or any 

object held at the center of the spinneret for further biological studies.53 A key advantage of the 

touch-spinning process is its ability to generate fibers with a uniform diameter. During drawing, 

the fiber stretches via two distinct mechanisms: 1) axial stretching due to the rotation of the stage, 

and 2) capillary forces, which acts to drain fluid from the fiber back into the source droplet. In 

addition, the surface tension will act to smooth out any axial variations in radius during the drawing 

stage (which typically occurs on a millisecond timescale). Hence, uniform thinning is expected for 

the bulk of the fiber. Due to the uniform nature of the fiber shape during the drawing (stretching) 

step before fracture, the fiber will also continue to thin uniformly during the evaporation stage. 

Thus, both the drawing and the evaporation steps ensure that uniform fibers are generated.53   

In touchspinning, spinning rate, flow rate of the polymer solution, and concentration of the 

solution can control the diameter of the fiber. The fibers can be collected unidirectionally, 

orthogonally, and randomly oriented with density controlled 2D- and 3D-meshes. These fibers can 

be spun around a glass coverslip for further biological studies. Touchspinning offers opportunities 

beyond 3D-printing due to the controllable fiber diameter and a several orders of magnitude greater 

speed of scaffold fabrication. 

Stem cells, with their great potency properties, offer promising therapies to treat 

neurodegenerative diseases and traumatic injuries.119 Neural stem cells respond to both 
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biochemical and biophysical cues while maintaining their functional tissue architecture and 

intercellular network. For example, the development of complex neural circuitry requires 

appropriate induction of growth factors such as retinoic acid. Biophysical cues such as substrate 

elasticity and alignment play key roles in regulating neurocellular functions in a series of 

intracellular mechanotransductive processes. 119-122 For instance, aligned nanofibers are supposed 

to guide the extension of the regenerated neurites from the proximal stump to the distal stump 

through biophysical cues. Additionally, it is well documented that softer substrates enhance 

neuronal differentiation. In this study, the proliferative capability and differentiation potential of 

neural stem cells was investigated on the touchspun scaffolds fabricated at different spinning rates 

in vitro. More importantly, we will investigate how varying fabrication speed can affect 

mechanical and chemical properties of touchspun fibers, which can consequently govern the fate 

of neural stem cells. 

 

3.3 Experimental Section 

3.3.1 Polymer Solution Preparation 

PCL (Mn = 80,000 g.mol−1) (Aldrich) was dissolved in chloroform (ACS grade, BDH, 

VWR) for 1 h at 60°C to produce solutions with concentration of 8 wt%.  

3.3.2 Touchspun and Electrospun Nanofiber Preparation  

The touchspun samples were prepared at 500 RPM, 1400 RPM, and 2000 RPM. The 

polymer solution was pushed by an automated pump (Razel Scinetific Instruments, variable speed 

syringe pump, model R99-E) through a syringe (HamiltonTM 1000 series gastightTM syringe, 1 mL) 

at a flow rate of 10 µL.min-1. The fibers were spun at room temperature. 
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The electrospun samples were prepared utilizing an electrospinning setup (Spraybase®) 

with a rotating drum collector (Profector Life Sciences Ltd.) with the rotation speed of 500 RPM, 

1400 RPM, and 2000 RPM. The polymer solution was pushed through a syringe (HamiltonTM 1000 

series gastightTM syringe, 1 mL) at a flow rate of 10 µL.min-1. The needle (i.d.=0.9 mm) was 

connected to the voltage of 20 kV and the working distance was 110 mm. The fibers were spun at 

room temperature. 

The fiber samples were prepared for the mechanical tests on the rectangular frames with 

the size of 10 cm × 30 cm. Five electrospun and five touchspun samples were prepared to find the 

average Young’s modulus values for each spinning method. 

3.3.3 Fiber Characterization 

A FEI Teneo Scanning electron microscope (SEM) was employed to assess morphology 

and channel size of prepared touchspun and electrospun fibers with varying RPM. All samples 

were sputter coated with iridium for 30 seconds at a coating rate of 0.1 nm/s prior to the imaging. 

The crystal structures of the samples were characterized by X-ray diffraction (XRD) instrument 

(PANalytical X’Pert PRO MRD). The XRD scans were recorded with a Cu Kα1 radiation (λ = 

1.541 Å) in the 2θ range from 15°–35° with a step size of 0.03°. 

In addition, Differential Scanning Calorimeter (DSC), TA Instrument DSC SW 9.01, was 

used to determine the %crystallinity of the touchspun and electrospun fibers. Samples were heated 

from -70 °C to 120 °C at a scanning rate of 10 °C/min under a nitrogen atmosphere.    

Swelling investigations were performed with infrared-spectroscopic ellipsometry (IR-SE) 

on the touchspun and electrospun fibers with a diameter of 180 nm, as well as on a thin PCL film 

that served as a control sample. All samples were prepared on IR-transparent silicon wedges. The 

PCL film was spin-coated from a solution of 0.4% PCL in chloroform. Employing a specially 
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designed flow cell in a custom-built IR ellipsometer123, in situ IR-SE was used to monitor the PCL 

films and fibers in ultrapure water (Millipore Direct-Q® 3 UV) at room temperature under no-

flow conditions every other day over a period of 14 days. All measurements were referenced to 

spectra of a clean substrate obtained under the same experimental conditions.   

3.3.4 Evaluation of the Mechanical Behavior 

An electromechanical universal test system (MTS Criterion® Model 42) conducted tensile 

mechanical testing of various PCL nanofibers under a constant crosshead rate of 2 mm.min-1. All 

scaffolds were trimmed into 14 mm × 18 mm rectangular sheets and they were clasped on each 

end by mechanical grips. Young's modulus was calculated by dividing the force on the fiber by 

the effective cross-sectional area of the fiber, A. The effective cross-sectional area, A, was 

determined using 

𝐴 =
𝑊

(𝐿×𝑃𝐷) 
  

where W represents weight of the fiber, L, the length of the fiber, and PD, the density of PCL 

(1.145 g.mL-1). 

3.3.5 Culture of NE-4C Neural the Cells on Scaffolds 

NSCs (NE-4C, ATCC) were utilized to evaluate cell responses on various printed nerve 

scaffolds. NSCs were cultured in Eagle’s Minimum Essential Medium (ATCC), 5% fetal bovine 

serum (FBS) (ATCC) and 1% L-glutamine (Sigma-Aldrich). Cells were cultured in a 150-cm2 

flask under a humidified atmosphere with 5% CO2 at 37 °C. The culture medium was changed 

every two days. The prepared scaffolds were punched into small circle samples with a diameter of 

10 mm. The samples were then sterilized by 70% ethanol for 30 minutes, rinsed and immersed in 

phosphate buffered saline (PBS) overnight. Before seeding the cells, the scaffolds were pre-wetted 

in control media at 37 °C before seeding cells. NSCs were seeded at a density of 50,000 per 
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scaffold for a week followed by a two-week neural differentiation. After each prescribed time 

interval, scaffolds were transferred to new well-plates and prepared for immunocytochemistry. 

3.3.6 Immunocytochemistry of NSCs on the Scaffolds 

For differentiation studies, NSCs were cultured in the respective standard medium with 

10−6 M all trans retinoic acid (RA) on the electrospun fibers and touchspun fibers for up to 14 

days. After each culture period, samples were rinsed with PBS and fixed with 10% formalin for 

12 minutes at room temperature for the specified time. The cells were further parabolized with 

0.2% Triton X-100 in PBS for 5 minutes. Diluted primary antibodies, mouse anti-TuJ1 (1:1,000; 

Covance) and rabbit anti-GFAP (1:1000; Abcam) were gently added in scaffolds and incubated at 

4 °C in a moist environment overnight. This was followed by the secondary antibodies incubation 

with Alexa Fluor 594 goat anti-mouse (Life technologies) and Alexa Fluor 647-conjugated donkey 

anti-rabbit IgG (Life technologies) at room temperature. The cell nuclei were stained by 10 µg.mL-

1 4′-6-diamidino-2-phenylindole dihydrochloride (DAPI) (Life technologies). Laser scanning 

confocal microscopy (LSCM 710, Zeiss) was employed to visualize and monitor the fluorescent 

images of 3D neural cell growth and neurite extension of cells. Neuronal cells (TUJ-1 positive) 

and astrocytes (GFAP-positive) expression level were quantified with the ImageJ software. Image 

processing for linear color level adjustments in Zeiss Zen were applied identically to all conditions. 

3.3.7 Statistical Analysis                                                                                                                          

All quantitative data are expressed as average ± standard error of the mean. Numerical 

data were analyzed via student’s t-test to determine differences among the groups. Statistical 

significance was considered at p<0.05. 

 

 



 

63 

3.4 Results  

3.4.1 Characterization of the Prepared PCL Nanofibers  

The morphologies of the touchspun and electrospun PCL nanofibers were analyzed by FEI 

Teneo FE-SEM. Figure 3.1 represents the aligned PCL nanofibers prepared by electrospinning 

(Figure 3.1:a, b, c) and touchspinning (Figure 3.1:d, e, f) methods. Both aligned PCL fibers were 

successfully fabricated from the 8-wt% PCL solution. The Fiji72 software was used to measure the 

diameter of the nanofibers. The average diameter of 50 electrospun and touchspun nanofibers at 

different RPM values were measured and the results have been shown in Table 3.1.  

MTS criterion model 42 was used to measure the elastic modulus of the PCL nanofibers 

with varying RPM, showing a range of 8MPa to 200MPa. Figure 3.2 and Figure 3.3 show that as 

RPM increases, tensile strength increases in both touchspun and electrospun fibers. Furthermore, 

the elastic modulus of the touchspun fibers was significantly greater than that of the electrospun 

fibers at 500 RPM, 1400 RPM, and 2000 RPM. For example, the elastic modulus of the touchspun 

fibers at 500 RPM was about 8.7-fold higher than that of electrospun fibers at 500 rpm. When the 

rotation speed of the collector was increased to 2000 RPM, the elastic modulus of the touchspun 

fibers was ~200 MPa (~7.9) fold higher than that of electrospun fibers. The Young’s modulus 

values of the electrospun and the touchspun fibers are shown in Table 3.2. It is assumed that the 

greater toughness of the touchspun fibers was primarily due to the greater crystallinity within the 

fibers.  

The crystal structures of the PCL nanofibers prepared by two separate spinning techniques, 

touchspinning and electrospinning, were confirmed by XRD analysis (Table 3.3) and DSC (Table 

3.4). The peak positions for both electrospun and touchspun PCL fibers were essentially identical; 

showing two strong peaks at 2θ=21.5° and 23.9°, respectively. This suggested no change in crystal 



 

64 

structure by fabrication techniques. However, the touchspun PCL fibers exhibited a much higher 

percentage of crystallinity compared to the electrospun PCL fibers. According to Table 3.3 and 

3.4, the %crystallinity of touchspun fibers is higher than that of electrospun fibers as varying 

rotation speeds of the collector. The %crystallinity of both types of fibers increases as the spinning 

rate increases and that is due to the greater stretching of the fibers at higher rotation speeds. In 

Table 3.4, the degrees of crystallinity of the fibers have been shown using the first two cycles of 

DSC spectra. The %decrease of crystallinity from cycle 1 to cycle 2 is much higher in touchspun 

fibers which may prove the cold-drawing effect in the touchspinning process. 

3.4.2 Enhanced NSC Differentiation 

 Figure 3.4A and 3.4B show the early stage of the neural differentiation of NE-4C cells on 

the touchspun and electrospun PCL nanofibers after 7 days of culture. To trace NE-4C cells 

attached on different substrates, we used subclones constitutively expressing green fluorescent 

protein. GFP+NE-4C neural stem cells differentiated into immature neurons on all substrates, 

developing a dense network of neuronal processes expressing TUJ1 in response to treatment with 

RA. Additionally, the typical morphology of the attached NSCs were recognized. NSCs cultured 

on glass substrates were tightly packed and spread with limited interstitial space at the boundary 

of the aggregate. In contrast, cells in the PCL nanofibers with varying RPM aggregated loosely 

and exhibited an elongated neurite growth along the fiber. Third rows in each Figure 3.4A and 

3.4B represent merged confocal microscopy images of GFP, TUJ-1 and DAPI staining. 

At the beginning of the second week post-induction, morphologically mature neurons were 

formed (Figure 3.5). Non-neuronal glial cells (e.g. astrocytes) such as astrocytes stained by GFAP 

were also present on all substrate. The ImageJ software was used to determine the quantification 

of TUJ-1 and GFAP expression. The percentage of TUJ-1 positive cells on day 14 remained similar 
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across all electrospun fibers, approximately 4%, with no statistically significant variation as a 

function of varying RPM. In contrast, the percentage of TUJ-1 positive cells increased on 

touchspun fibers as RPM increased. For example, the percentage of TUJ-1 positive cells increased 

by 3 folds from 500 rpm to 2000 rpm on touchspun fibers. Similar percentages of GFAP positive 

neurons were observed across all touchspun fibers with varying RPM. However, varying RPM 

affects the percentage of GFAP positive cells on electrospun fibers. Specifically, the percentage 

of GFAP positive cells decreased by 1.6 folds from 500 RPM to 2000 RPM on electrospun fibers. 

Additionally, the ratio of TUJ-1 positive to GFAP positive cells was determined across all 

substrates. Figure 3.5E and 3.5F shows that higher RPM significantly increased the ratio of TUJ-

1 to GFAP positive cells on both electrospun and touchspun fibers, respectively. However, at each 

RPM, the ratio of TUJ-1 positive to GFAP positive cells was not statistically different between 

touchspun and electrospun fibers. 

3.4.3 Late Stage of Neural Differentiation after Two Weeks of Swelling 

As discussed, both electrospun fibers and touchspun fibers were fabricated in high 

alignment at different RPMs. To figure out how swollen PCL nanofibers affect the cell behavior, 

we allowed all fibers to be immersed in culture medium for 2 weeks before starting the cell 

experiment. During the two weeks of swelling, several electrospun fibers were misaligned and 

entangled. However, all touchspun fibers maintained their aligned morphology even after 2 weeks 

of swelling. Figure 3.6A shows how the entanglement of electrospun fibers can disturb neural cell 

growth. White dashed boxes show the disrupted neural cell growth due to the fibers entanglement. 

In contrast, the touchspun fibers (Figure 3.6B) at all different RPMs exhibited fine neural cell 

growth and spreading without any major entanglement at all RPMS.  
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3.4.4 Surface Chemistry Characterization 

We used the in situ IR-SE123-124 to assess differences in swelling of PCL fibers in the 

absence of cells. By means of polarized IR light, IR-SE provides access to the fibers' molecular 

vibrations and therefore to fiber hydration and molecular interactions, allowing one to probe 

properties like swelling and fiber–solvent interactions. 

Figure 3.7A and 3.7B show measured in situ ellipsometric Δ spectra of touchspun and 

electrospun PCL fibers, first in contact with air and then with purified water monitored over a two-

week period. Observed PCL bands are associated with carbonyl-stretching, ν(C=O), around 

1730 cm–1 and with various fingerprint modes below 1500 cm–1. Both upward- or downward-

pointing PCL bands occur due to anisotropy of the samples. Spectra obtained in water are 

overlapped by the downward-pointing H2O-bending vibrational band around 1650 cm–1. 

Touchspun and electrospun fibers differ in their spectral behavior, both in dry state and in 

water. For the touchspun fibers, some bands exhibit minor shifts (< 1–2 cm–1) in H2O compared 

to the dry state, which is expected because of the different chemical environments. Except for 

ν(C=O), however, none of the touchspun PCL bands show any marked changes during the two-

week exposure to water, suggesting that the fiber structure remains unaltered. The complex 

carbonyl-stretching band (Figure 3.7A (a)) seems to contain at least three major components at 

1739 cm–1, 1730 cm–1, and 1724 cm–1. The first two could be related to the amorphous and the 

crystalline PCL phase, respectively. The measured changes in ν(C=O) composition could thus 

indicate variations in fiber crystallinity.125 However, this explanation is rather unlikely because 

similar band changes were also observed for the thin, closed PCL film. A more probable 

explanation is hydrogen bonding between surface-exposed C=O groups and water. Hydrogen-

bond interactions would lead to a decrease of the 1739 cm-1 component, in accordance with the 
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measurements. The observed changes, however, are small and only hint at weak interactions with 

water. 

Changes in the baseline of Δ, and in the amplitudes of fiber and water bands, are related to 

changes in fiber swelling.126 In Figure 3.8, Δ differences between the touchspun fibers in wet and 

dry state are evaluated at 1500 cm–1, yielding a semiquantitative marker for swelling of films that 

undergo moderate hydration. Almost immediately after exposure to water, the touchspun fiber 

sample begins to swell slightly. Optical calculations126 suggest that the measured baseline shifts 

amount to swelling of only a few percent after 13 days. 

The situation is quite different for the electrospun fibers. Figure 3.7B shows stronger 

variations in fiber and water band amplitudes, but also in the baseline of Δ. These changes, 

especially the decrease in band amplitudes, are most pronounced during the first few hours of 

exposure to water, suggesting a stronger swelling of electrospun fibers compared to touchspun 

ones. Furthermore, the carbonyl-stretching band of electrospun fibers (Figure 3.7B (a)) shows a 

markedly different band composition, hinting at differences in chain alignment and crystallinity. 

When the dry fibers are exposed to water, the ν(C=O) band undergoes much stronger redshifts 

compared to the touchspun fibers, as can be explained by the presence of more hydrogen-bond 

interactions between fiber C=O groups and water. Those stronger interactions with water are also 

evidenced by shifts of several PCL fingerprint bands. 

Interestingly, from the IR-SE data of electrospun fibers, it is not possible to find a similarly 

meaningful marker for film swelling as for the touchspun samples in Figure 3.8. The reason for 

this is that the spectra are not as "well-behaved" as those of the touchspun fibers. That is, there are 

apparently more changes in the electrospun film that cause overlapping spectral effects like 

baseline shifts and band alterations. It is therefore an indirect sign that, besides film swelling and 
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fiber–solvent interactions, there seem to be other differences within the electrospun fibers, 

particularly over longer exposure to water, including potential changes in fiber structure, 

alignment, and integrity. 

Overall, IR-SE revealed small swelling effects of the touchspun PCL fiber sample. There 

was no evidence of changes in chain alignment and anisotropy. Small changes in the ν(C=O) band 

composition were found, presumably due to interactions with water. Electrospun PCL fibers were 

found to undergo more pronounced swelling and interactions with water. However, the measured 

IR-SE could not be explained by these two effects alone, suggesting additional effects such as 

structural changes. 

 

3.5 Discussion 

3.5.1 A New Fiber Spinning Method for Enhanced Nerve Regeneration  

The touchspinning method used in this study has shown a great feasibility to create a highly 

aligned neural scaffold. For this purpose, we used an automated pump that dispensed the polymer 

through a syringe at 10 µL.min-1. Affixed to the syringe was a needle that was placed within close 

proximity to the spinneret. Two rods were attached opposite to each other on the spinneret. The 

spinning speed of the collector was set at 500 RPM, 1400 RPM, and 2000 RPM and the collected 

PCL nanofibers were used to examine the alignment of the neural stem cells. The results were 

compared to the electrospun nanofibers which were fabricated under the exact same conditions as 

the touchspun nanofibers.  

The physical nature of the components in the PCL nanofibers was examined using XRD. 

The XRD data revealed that the degree of crystallinity of the touchspun nanofibers at different 

RPM values was much higher than that of electrospun nanofibers. In touchspinning, the rods on 
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the spinneret are in contact with the pendent polymer droplet once the rods touch the droplet. The 

drawn fiber solidifies when the rod pulls it. The force is applied to the entire length of the fiber 

during the fiber formation stage and the force is sufficient to stretch the nanofibers similar to cold-

drawing.102 This results in greater chain alignment and crystallinity. In electrospinning, the 

electrical force is applied locally to the polymer droplet. This force is not uniformly applied to the 

entire length of the fiber because the electrical force at every point of the fiber depends on the 

distance of that point from the charged needle. This results in lower %crystallinity due to the 

instability during fiber formation. 

A recent study from Liu et al. showed that Young’s modulus of a human sciatic nerve in 

the longitudinal direction is in the range of 41  3 MPa.106 The Young’s modulus values of the 

touchspun fibers were 78±18 MPa, 84±11 MPa, and 230±4 at 500 RPM, 1400 RPM, and 2000 

RPM, respectively. The Young’s modulus values of the electrospun fibers were 8±2 MPa, 12±2 

MPa, and 23±11 at 500 RPM, 1400 RPM, and 2000 RPM, respectively. According to these results, 

the touchspun nanofibers exhibited enhanced tensile properties compared to the electrospun 

nanofibers. The elasticity of the scaffold influences the cell adhesion, morphology, and 

intracellular signalling.127 

3.5.2 Enhanced Alignment of the Neural Stem Cells along the Touchspun Nanofibers 

Electrospinning has been commonly used in various tissue engineering application due to 

its capacity to produce aligned micro- to nano-sized polymeric fibers. Many studies demonstrated 

a great potential in polymeric electrospun nanofibers for treating various nerve injuries.128-135 

However, electrospun fibers have many challenges including entanglement forming, which leads 

to poor cell growth and spreading. For example, Dalton et al. have obtained a result on the coiled 

electrospun fibers using fibroblast cells.133 The study found out that the cells grow well inside and 
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outside of the coil-like fibers whereas the cells could not attach properly to the randomly oriented 

entangled fibers. This behavior can be attributed to the amorphous and hydrophobic nature of the 

highly entangled long-chain polymeric fibers. In this study, the effect of the swollen PCL fibers 

on neural stem cell behavior is being investigated. We expected that the touchspun fibers with high 

crystalline properties would allow for enhanced neural cell attachment and alignment compared to 

the electrospun fibers with lower crystallinity. The two-week swelling results (Figure 3.5A) clearly 

shows random clusters of TUJ1 and GFAP positive cells within the entangled electrospun fiber. 

In contrast, all touchspun fibers maintained a highly aligned morphology after two weeks of 

swelling, on which both TUJ1 and GFAP positive cells grew and spread efficiently along the 

direction of fiber alignment (Figure 3.5B). The high crystallinity properties of the touchspun fibers 

may play an important role in governing neural stem growth, spreading, and alignment during the 

early stage of the neural differentiation.92 It is well documented that polymers with higher 

crystallinity result in a stiffer substrate, influencing the cytoskeletal organization and consequently 

cell phenotype.91, 114-116 Some studies found that high crystalline or stiffer substrates were found 

to better support focal adhesion, spreading, proliferation, and differentiation of several stem 

cells.91-92 Cui et al. showed that while chemical composition, hydrophobicity, and surface 

roughness of PCL/PGA polymers were held constant, crystallinity and rigidity of the polymer 

played major roles in determining the cell response.92 In this study, highly crystalline and rigid 

PCL and PGA substrates significantly increased fibroblast growth compared to the amorphous 

polymer surface. Historically, crystallinity degree of the substrate is relatively poorly understood 

signal input for neural stem cells. Therefore, with increasing emphasis on biophysical regulation 

on stem cell behavior, our study has significant contribution in the field of nerve scaffold design. 
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The majority of NSCs differentiate into astrocytes instead of neurons in damaged lesions. 

This limits the use of NSCs as potential therapeutic agents for nerve injury. Our study has revealed 

that the touchspun fibers fabricated at higher RPM enhance the differentiation of NSCs to neurons, 

demonstrating possible therapeutic potential of touchspun fibrous scaffolds in neural tissue 

engineering applications. 

 

3.6 Conclusion 

In this study, we reviewed the structure and high crystallinity of touchspun PCL nanofibers. 

In fiber formation, the electrical force depends on the distance from the charged needle to the 

pendent droplet. We hypothesized that the touchspinning process resembles the cold-drawing 

method resulting in higher degree of crystallinity. In touchspinning, the rods on the spinneret apply 

a mechanical force to the pendent droplet and the force is uniformly and continuously applied to 

the entire length of the fiber during the fiber fabrication stage. In contrast, in electrospinning, the 

electrical force is being applied to a local point on the pendent droplet and the force is not 

uniformly applied to the points along the fiber since the electrical force depends on the distance 

from the charged needle. The high degree of crystallinity and high Young’s modulus make the 

touchspun nanofibrous scaffolds a promising candidate for the nerve regeneration applications 

compared to the electrospun scaffolds. 
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Figure 3.1. SEM images of nanofibers fabricated by touchspinning or electrospinning with the 

collector at varying rotation speeds: (a) electrospun fibers at 500 RPM with the diameter of 547±87 

nm, (b) electrospun fibers at 1400 RPM with the diameter of 481±80 nm, (c) electrospun fibers at 

2000 RPM with the diameter of 441±63 nm, (d) touchspun fibers at 500 RPM with the diameter 

of 516±72 nm, (e) touchspun fibers at 1400 RPM with the diameter of 453±31 nm, (f) touchspun 

fibers at 2000 RPM with the diameter of 410±53 nm. 
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Table 3.1. Average diameter of nanofibers fabricated by touchspinning or electrospinning with 

the collector at varying rotation speeds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Touchspun Fibers Electrospun Fibers 

Collector Rotation Speed 

(RPM) 

Diameter  

(nm) 

Diameter  

(nm) 

500 516±72 547±87 

1400 435±31 481±80 

2000 410±53 441±63 
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Figure 3.2. Elastic modulus of PCL nanofibers at varying collector speeds: (a) electrospun fiber 

at 500 RPM, (b) touchspun fiber at 500 RPM, (c) electrospun fiber at 1400 RPM, (d) touchspun 

fiber at 1400 RPM, (e) electrospun fiber at 2000 RPM, (f) touchspun fiber at 2000 RPM. N=3, 

*p<0.05 and **p<0.01 when compared to the corresponding group. 
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Figure 3.3. Elastic stress-strain behavior of both electrospun and touchspun fibers at different 

collector speeds: (a) electrospun fibers at 500 RPM, (b) electrospun fibers at 1400 RPM, (c) 

electrospun fibers at 2000 RPM, (d) touchspun fibers at 500 RPM, (e) touchspun fibers at 1400 

RPM, (f) touchspun fibers at 2000 RPM. 

 

 

 

 

 

 



 

77 

 

Table 3.2. Young’s modulus of the nanofibers fabricated by touchspinning or electrospinning at 

varying rotation speeds of the collector. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Touchspun Fibers Electrospun Fibers 

Collector Rotation Speed 

(RPM) 

Young’s Modulus 

(MPa) 

Young’s Modulus  

(MPa) 

500 78±18 8±2 

1400 84±11 12±2 

2000 226±4 23±11 
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Table 3.3. Percent (%) Crystallinity from XRD spectra of the nanofibers fabricated by 

touchspinning or electrospinning at varying rotation speeds of the collector. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Touchspun Fibers Electrospun Fibers 

Collector Rotation Speed 

(RPM) 

Crystallinity 

(%) 

Crystallinity 

(%) 

500 67 33 

1400 71 51 

2000 89 80 
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Table 3.4. Percent (%) Crystallinity from DSC spectra of the nanofibers fabricated by 

touchspinning or electrospinning at varying rotation speeds of the collector. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Touchspun Fibers Electrospun Fibers 

Collector 

Rotation 

Speed  

(RPM) 

Crystallinity  

1st Cycle 

(%) 

Crystallinity  

2nd Cycle 

(%) 

Change of 

Crystallinity  

(%) 

Crystallinity  

1st Cycle 

(%) 

Crystallinity 

2nd Cycle 

(%) 

Change of 

Crystallinity  

(%) 

500 54 41 24 26 24 8 

1400 57 47 18 45 42 7 

2000 64 55 14 56 51 9 
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Figure 3.4. immunocytochemical staining of TUJ-1 (red), GFP (green) and DAPI (blue) on: (A: 

a, e, i and B: a, e, i) glass, (A: b, f, j) electrospun fibers at 500 RPM, (B: b, f, j) touchspun fibers 

(a) 

200 μm 

(b) (c) (d) 

(e) (f) (g) (h) 

(i) (j) (k) (l) 

(a) 

200 μm 

(b) (c) (d) 

(e) (f) (g) (h) 
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at 500 RPM,  (A: c, g, k) electrospun fibers at 1400 RPM, (B: c, g, k) touchspun fibers at 1400 

RPM, (A: d, h, l) electrospun fibers at 2000 RPM, (B: d, h, l) touchspun fibers at 2000 RPM on 

day 7, respectively. Scale bar equal to 200 m. 
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Figure 3.5. immunocytochemical staining of TUJ-1 (green), GFAP (red) and DAPI (blue) on: (A: 

a, e, i and B: a, e, i) glass, (A: b, f, j) electrospun fibers at 500 RPM, (B: b, f, j) touchspun fibers 

at 500 RPM, (A: c, g, k) electrospun fibers at 1400 RPM, (B: c, g, k) touchspun fibers at 1400 

(a) 

200 μm 

(b) (c) (d) 

(e) (f) (g) (h) 

(i) (j) (k) (l) 
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RPM, (A: d, h, l) electrospun fibers at 2000 RPM, (B: d, h, l) touchspun fibers at 2000 RPM after 

1 week of swelling (day 14). (C and D) relative expression level of (C) TUJ-1 and (D) GFAP in 

various substrates were determined by ImageJ software. E and T stands for electrospun fibers and 

touchspun fibers, respectively. (E and F) Quantification of changes in expression of TUJ-1/GFAP 

ratio with changes in RPM in (E) electrospun fibers and (F) touchspun fibers. Data are mean ± 

standard error of the mean, n=6; *p<0.05 and **p<0.01. Scale bar equals to 200 m. 
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Figure 3.6. Representative confocal microscopy images of TUJ-1 (green), GFAP (red) and DAPI 

(blue) of neural stem cells cultured on:  (A: a, d, g) electrospun fibers at 500 RPM, (A: b, e, h) 

electrospun fibers at 1400 RPM, (A: c, f, i) electrospun fibers at 2000 RPM, and (B: a, d, g) 

touchspun fibers at 500 RPM, (B: b, e, h) touchspun fibers at 1400 RPM, (B: c, f, i) touchspun 

fibers at 1400 RPM,  touchspun fibers with varying RPM after 2 weeks of swelling (day 14), 

respectively. Scale bar equal to 200 m. 
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Figure 3.7. Ellipsometric phase-difference spectra of (A) touchspun and (B) electrospun PCL 

fibers measured in dry state (green) and in H2O (black to blue) over the course of 13 (14) days. 

The insets (A-a) and (B-a) show changes in ν(C=O) band shape and amplitude with time for 

touchspun fibers and electrospun fibers, respectively. 
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Figure 3.8. Swelling behavior of touchspun PCL fibers in water, as qualitatively monitored via 

the ellipsometric phase-difference at 1500 cm–1. The red line is to guide the eye. 
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CHAPTER 4 

GRAVITATIONAL DRY-SPINNING OF ULTRALONG MICRO- AND NANOFIBERS3 
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4.1 Abstract 

The long single nanofibers have attracted lots of attentions in the fields of photonics, tissue-

engineering, microfluidics, and flexible electronics. However, very limited approaches have been 

studied for the fabrication of one-by-one single micro- and nanofibers with efficient manufacturing 

productivity. Our novel gravitational-spinning is a simple modification of dry-spinning technique 

and it is capable of producing ultralong nanofibers (fibers longer than 3 meters in the size of 50 

nm per droplet of the polymer solution). The fibers can precisely be located on the substrates for 

various applications such as flexible electronics and tissue regeneration. In this work, the effect of 

surface tension, viscosity, and evaporation rate of polymer solutions on the diameter of the fibers 

will be studied. Furthermore, some of the applications of the gravitational-spun fibers will be 

discussed. 
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4.2 Introduction 

There are many applications for the long free-standing single fibers in microfluidics, 

flexible electronics, biotechnology, and tissue engineering.2, 136-139 Ultralong fibers are efficient 

for large-sized flexible electronics.140 Embedded carbon nanotubes (CNTs) in single fibers show 

an enhanced conductivity of the network as the diameter of the fibers decreases and this is due to 

better orientation of CNTs in thinner fibers and lower contact resistance.140 New fiber spinning 

techniques with great manufacturing productivity are required for controlled fabrication of 

uniform, long, and free standing single micro- and nanofibers, and precise position control of the 

single fibers on the substrate. Furthermore, the new techniques need to be capable of creating 2D- 

and 3D- fibrous constructs using unlimited material choices.  

Very limited approaches have been demonstrated for the fabrication of one-by-one single 

fibers in the micron or nano scale.141-143 Pulling or extruding are common methods to produce 

fibers with thickness above microns, therefore, the solutions used in these methods are required to 

be viscoelastic to undergo deformations and also cohesive to endure the stress during pulling. For 

sub-micron single fibers, usually mass production is applied followed by separation techniques 

like dissolving in solvents. The productivity is very low in these methods, separation of single 

micro- or nanofibers is very challenging, and the produced fibers show a wide range of diameter 

distribution after the separation step.144  

Ondarcuhu and Joachim demonstrated fabrication of single nanofibers over microns using 

a procedure similar to dry spinning.144 According to their method, a dispersion of colloidal gold 

particles was used instead of long polymer chains to avoid entanglements and reduce the size of 

the pulled fibers. This can decrease the mechanical strength of the pulled fibers. A micropipette 

was withdrawn from the liquid during solvent evaporation, at the solidification threshold, and 
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moved away at the approximate speed of 100 μm.s-1 to draw a single nanofiber. In the pulled single 

nanofibers were in the range of 2 nm to 100 nm over the length of 10 μm to 1 mm.144 Furthermore, 

the optimal drawing conditions depend on the evaporation rate and solidification of the solution. 

The droplet of the source material can be used repeatedly for drawing fibers, however, as the 

solvent evaporates over time, the viscosity increases, and it may not be suitable for drawing 

nanofibers anymore. At the beginning of the evaporation, the solution at the edge of the droplet is 

still fluid and the liquid bridge breaks by capillary Rayleigh instability. Once evaporation starts 

and the solution tend to solidify, pulling fibers becomes possible. In the last stage of the droplet 

evaporation, the viscosity of the solution is too high to undergo large deformations, therefore, 

fibers break immediately after pulling the solution. In addition, the drawing speed of 100 μm.s-1 is 

too low to satisfy the need for large scale manufacturing and there are limited choices of “ink” 

materials.144 

In another work, Suryavanshi et al demonstrated a simultaneous growth and winding 

process for fabrication of long micro- and nanofibers.139 In this study, a glass micropipette filled 

with ionic solution was held close to the substrate so a liquid meniscus was formed between the 

micropipette tip and substrate. Then, the pipette pulled away the solution at the speed of 5 μm.s-1 

to 1 mm.s-1 and due to the evaporation of solvent, the fiber was grown along with the nucleation 

and precipitation of solute material inside the meniscus. In this technique, the diameter of the 

nanofiber is limited to the size of the tip of the micropipette (~200 nm), however, the drawing 

speed (1 mm.s-1 ) is too low to satisfy the need for large scale manufacturing.139  

Huang et al reported a simple hand-writing process to align carbon nanotubes inside a half-

meter long polyethylene oxide (PEO) fiber with the diameter distribution of 300 nm to several 

micrometers for flexible electronic devices.140 Generally, the PEO solution was used as the ink, 
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and single fibers were stretched from the pen tip. The fibers could be precisely located on the 

surface after drying. The diameter of the fiber could be tuned by concentration of the polymer 

solution and drawing speed. However, the drawing speed was 10 cm.s-1 which is not efficient for 

scale-up production.140  

There are many challenges in preparation of single free-standing nanofibers. The previous 

studies have demonstrated the generation of randomly packed micro- and nanofibers. In one of 

those studies, Zhang et al produced nonwoven fibers in the range of 200 nm to 5 μm through 

solution (air-) blowing similar to the conventional melt (air-) blowing fibers.145 According to their 

method, a solution of polyvinylpyrrolidone (PVP) was extruded from the orifices of a die assembly 

to form filament strands. The compressed air flow at room temperature was streaming from the 

top and bottom of the die nose-piece to attenuate the solution jets, evaporate solvent, and draw the 

filaments into thinner fibers. A collector was placed in the bottom of the drying chamber to collect 

the produced fibers. The fibers were highly entangled due to the turbulence in the air flow, and 

fibers were randomly packed in different sizes on the collector. Only the solution of PVP 12 wt% 

in ethanol/water (50:50, wt/wt) was efficient for this study. Solutions at a lower viscosity resulted 

in droplets instead of fibers and solutions at a higher viscosity solidified partially before drawing 

fibers. The optimal conditions were using polymer solution of 12 wt%, air processing pressure of 

15 psi, and solution pressure of 70 psi. Any parameters out of these ranges resulted in random 

larger fiber (15–50 μm) or beads, and the productivity was reduced significantly since some of the 

fibers flew out of the drying chamber because of the turbulent air flow. In addition, free-standing 

single fibers could not be formed due to the turbulence.145  

In order to overcome the challenges mentioned above, we proposed a simple and scalable 

method for forming micro- and nanofibers which is called “Gravitational Dry-Spinning”. As it is 
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shown in Figure 4.1, a droplet of fluid falls from a syringe located at a height Ĥ  above the ground 

level and as the droplet falls it draws out a thin fluid stream behind.  When the droplet strikes the 

ground, the solvent evaporates, and the fluid solidifies to form fibers.  

The following mathematical modeling is done by Prof. Ian M. Griffiths from University of 

Oxford, UK, regarding the experimental data collected by Darya Asheghali, University of Georgia, 

US:  

We exploit the slenderness of the fiber as it is drawn out to obtain a reduced model in the 

spirit of the Trouton146 equations, where we also take into account evaporation, surface tension, 

and gravitational effects, 
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Here ̂  and R̂ are the axial velocity and cross-sectional radius of the fiber as a function of axial 

position ẑ  and time t̂ , as illustrated in Figure 4.2. The fluid has a surface tension ̂ , density ̂ , 

and viscosity ̂  (which we assume to be constant in the analysis presented below but could in 

principle change with, for example, cross-sectional radius R̂ ); ĝ  is the acceleration due to gravity 

and the parameter ̂  denotes the volumetric evaporation rate per unit area of fluid surface (with 

units 1.m s ), which we have assumed here to be dependent on the cross-sectional area exposed to 

the air.  

To solve this system, we must apply two initial conditions, ˆ ˆ( ,0)R z  and ˆ ˆ( ,0)z , and three 

boundary conditions. We assume that no further fluid is pumped out of the syringe once a droplet 

is formed, while the fluid moves with the falling droplet at the other end. We also assume that the 
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droplet motion is unaffected by the fiber that is drawn out behind so that it undergoes freefall due 

to gravity, at a speed ˆĝt . Experimental observations indicate that the final radius of the fiber at 

the droplet end is unaffected by the height from which the droplet falls. Thus, we assume that the 

radius of the fiber at the falling droplet end remains constant throughout the process. 

Mathematically, these assumptions translate to the following boundary conditions:   

 

ˆ(0, ) 0t  , 1 1
ˆ ˆ( ( ), )R z t t R , 

1 1
ˆ ˆ ˆ ˆˆ ˆ ˆˆ( ( ), ) ( )z t t t gt         (2 a-c) 

 

where 1R̂  is a constant and 2

1 1
ˆ ˆˆˆ ˆ( ) (0) 2z t z g t   denotes the position of the droplet at time t̂ .  

To summarize, we consider a set-up described by the equations for the stretching of a 

viscous fiber experiencing surface-tension, gravitational and evaporative effects, as one end is 

drawn out at speed 1̂  while the other end is held at a fixed position. We illustrate this 

schematically in Figure 4.2.  

4.2.1 Non-Dimensionalization 

To facilitate analysis of the system we non-dimensionalize by employing the following 

scaling:  
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where Ŵ  is a typical fluid velocity. The resulting dimensionless system is then  
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where  

ˆˆ

ˆ

H

W


  ,  

1

ˆˆ

ˆ ˆˆ

H

RW





 ,  

2ˆˆ ˆ

ˆˆ

gH
g

W




 ,  

2

ˆˆ

ˆ

gH
G

W
       (6) 

are dimensionless measures of the evaporation rate, surface tension, gravitational effects within 

the fiber, and drawing force. We analyze the effect of each of these parameters in turn in the 

following section and compare the predictions with experimental data.  

4.2.2 Time-Dependent Solutions 

The solution to system (4) subject to (5) is found by solving (4b) at each time step to 

determine   while updating the cross-sectional radius R  via an upwinding scheme for (4a). We 

obtain a remarkable fit to the data when we include only the effect of gravity and ignore 

evaporative and surface-tension effects (Figure 4.3b). Increasing the evaporative effects reduces 

the fiber radius as we might expect, and in a relatively uniform manner across the fiber (Figure 

4.4b). 

Increasing the surface tension acts to make the fiber radius more uniform across its profile 

(Figure 4.5b). The prediction is corroborated by experimental observations (Figure 4.5a). 

Increasing the gravitational force experienced by the fibre causes the fiber radius to increase nearer 

to the end due to the slumping of fluid towards the droplet tip and reduces the uniformity of the 

fiber (Figure 4.6). Increasing the acceleration of the droplet reduces the fiber radius near the 

syringe (Figure 4.7). Thus, to produce the most uniform fibers we would hope to minimize the rate 

at which the fibers are drawn, and the gravitational force experienced by the fiber, while 

maximizing the surface tension.  

4.2.3 Obtaining a Master Curve  

From the results we have seen from our theoretical model that increasing the solvent 

evaporation rate (i.e., increasing the vapor pressure) reduces the fiber radius (Figure 4.4b) while 
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increasing the surface tension decreases the fiber radius when the drop height is smaller and 

increases the fiber radius when the drop height is larger (Figure 4.5b). Experiments in which 

surfactant is added to vary the surface tension while maintaining the same evaporation rate show 

good qualitative agreement with the theory (Figure 4.5a). However, it is difficult to vary the 

evaporation rate experimentally while holding the surface tension constant, with both typically 

varying from solvent to solvent (see Figure 4.8 and Table 4.1). The full impact of the impractical 

nature of isolating evaporation rate and surface tension is seen in Figure 4.8 where an increase in 

evaporation rate (through increasing vapor pressure) does not necessarily lead to a decrease in 

radius. For instance, the evaporation rate of methanol is much greater than that of water (see Table 

4.1), but using methanol as solvent leads to larger radius fibers than when water is used. In this 

section, we examine the result of varying both evaporation rate and surface tension, in an effort to 

understand these features, and offer a way of presenting the fiber radius variations predicted by 

the theory. 

In Figure 4.9, we demonstrate that, even if we increase the evaporation rate, a fiber with a 

larger radius can result if there is a corresponding decrease in the solvent surface tension. This is 

exactly the effect observed in experiments (Figure 4.8) since the surface tension of methanol is 

much smaller than that of water (Table 4.1). As a result, it is clear that we need to establish a 

method of presentation that allows us to understand how the fiber radius varies with both 

evaporation rate and surface tension. 

We recall that three key parameters characterize the system behavior:  
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which are dimensionless measures of the evaporation rate, surface tension, and gravity. From this, 

we see that changes in the evaporation rate are captured by variations in   and changes in surface 
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tension are captured by variations in  . Experimental observations indicate that the viscosity does 

not vary significantly so to begin with we seek a parametric landscape for just evaporation and 

surface tension. We observe a linear dependence of fiber radius on evaporation rate, while the 

gradient and intercept are dictated by the surface tension in the parameter landscape as shown in 

Figure 4.10a,b. 

While viscosity variations are generally smaller, for completeness we illustrate the effect 

that this has by adjusting the viscosity. To capture changes in viscosity we must vary both   and 

g  appropriately. The results are shown in Figure 4.11.  

 

4.3 Experimental Section 

4.3.1 Polymer Solution Preparation 

Polycaprolactone (PCL) (Mn = 80,000 g.mol−1, Aldrich) was dissolved in chloroform 

(ACS grade, BDH, VWR) for 1 h at 60 °C to produce solutions with concentration of 10 wt%, 13 

wt%, and 16 wt%.  

The polymer solutions were labeled with latex beads (Sigma, fluorescent yellow, green, 

and red). 50 μL of the dye was added to 5 mL of the polymer solution. 

To study the effect of surface tension, polyethylene oxide (PEO) (Mn = 5,000,000 g.mol−1, 

Aldrich) was dissolved in deionized water for 12 hours at 60 °C to produce a solution with 

concentration of 2 wt%. Triton X-100 (non-ionic detergent octylphenoxypoly ethoxyethanol, Bio-

Rad) was mixed with PEO solution to prepare solutions with concentration of 0.05 wt%, 0.1 wt%, 

and 0.5 wt% of Triton X-100. 

To study the effect of evaporation rate, PEO was dissolved in anisole (ReagentPlus®, 99%, 

Sigma-Aldrich), deionized water, 1,4-dioxane (Certified ACS, Fisher Chemical), acetonitrile 



 

97 

(anhydrous, 99.8%, Alfa Aesar), and methanol (>99.8% ACS, VWR) to prepare solutions with 

concentration of 2 wt%.  

4.3.2 Polymer Solution Characterization 

A modular compact rheometer (MCR 302, Anton Paar) was used to measure the viscosity 

of solutions in different solvents. 

The Pendent Drop73 plugin in Fiji72 was used to calculate the surface tension of different 

polymer solutions in various solvents. The contact angle analyzer with a microscope camera 

(AmScope) was used to analyze the pendent droplet.  

4.3.3 Fiber Characterization 

A FEI Teneo Scanning electron microscope (SEM) was employed to assess morphology 

and size of the prepared gravitational-spun fibers collected at different heights. All samples were 

sputter coated with gold for 20 s at a coating rate of 0.1 nm/s prior to the imaging. 

4.3.4 Polarization 

The polarization dependent optical transmission of straight and twisted fibers were 

measured by a home-built optical transmission setup. A halogen light source (Oceanoptics, HL-

2000-HP) was used to generate a broadband light beam (400 – 900 nm). The light beam was then 

collimated and polarized by an optical polarizer (Thorlabs, LPVISE100-A) with extinction ratio > 

1:1000 in the visible range. The polarization of light can be adjusted to be perpendicular or parallel 

to the polymer fibers. The polarized light beam was then focused to the samples by an objective 

lens (Olympus 10x/NA = 0.25), and the transmitted light was collected by an identical objective 

lens and coupled to an optical fiber. The optical fiber eventually guided the light to a spectrometer 

(Oceanoptics, USB4000-VIS-NIR) and the transmission spectra were recorded by Spectrasuite 

Oceanoptics software. 
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4.3.5 Cell Culture 

RAW264.7 murine macrophages were purchased from ATCC. RAW264.7 cells were 

cultured in RPMI1640 medium (Corning, USA) with 10% FBS (Corning, USA) and 1% penicillin-

streptomycin (MediaTech, USA). The cell line was incubated humidly under 37℃ and 5% CO2. 

The cells were visualized using the 488nm laser of a Zeiss LSM 710 inverted confocal microscope 

with a ZSMmeta head (Welwyn Garden City, UK). The images were analyzed using Image Pro 

Plus. 

  

4.4 Results and Discussion 

4.4.1 Gravitational Dry-Spun Ultralong Micro and Nanofibers  

To prepare the gravitational dry-spun fibers, the polymer solution was pushed by an 

automated pump (Razel Scinetific Instruments, variable speed syringe pump, model R99-E) 

through a syringe (HamiltonTM 1000 series gastightTM syringe, 1 mL) at a flow rate of 100 µL.min-

1. The pump, syringe, and needle were placed on top of a 100-inch long polyethylene pipe and as 

the droplet fell down the fiber was formed inside the pipe. The pipe was used to avoid the air flow 

turbulence. The pipe was sprayed by antistatic spray to avoid any electrostatic forces through the 

pipe. The inner diameter of the needle was 0.9 mm. The fibers were fabricated at room temperature. 

100 fibers were collected for every measurement. The fibers were collected at 4-inch, 7-inch, 10- 

inch, 13-inch, 16-inch, 34-inch, 52-inch, 73-inch, and 93-inch above the stage. The SEM images 

of a microfiber from a solution of PCL 10wt% in chloroform and a nanofiber from a solution of 

PEO 0.5wt% in water are shown in Figure 4.12a and Figure 4.12b, respectively. 

4.4.2 Effect of Distance from the Ground 

In order to analyze the effect of height on the diameter of the gravitational dry-spun fibers, 

the droplet of the PCL 10wt% solution in chloroform was held at 94 inches above the ground, and 
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once it dropped and reached the ground level, the fiber was formed. The diameter of the drawn 

fiber was measured at different positions from the maximum height where the droplet fell down 

(height = 93 inch) to the ground (height = 0 inch). This process was repeated 50 times at similar 

conditions to find the average diameter of the fibers at different heights. This experiment was 

repeated while the droplet fell down from height = 53 inch and height = 18 inch, and the average 

diameters of the fibers were measured at different positions from the ground level. The results are 

exhibited in Figure 4.3a.  

4.4.3 Effect of Evaporation Rate 

In order to study the effect of evaporation rate of solvent, solutions of PEO 2wt% in various 

organic solvents with similar surface tension values were prepared. The evaporation rates of 1,4-

dioxane, acetonitrile, and methanol are 29 mmHg, 72.8 mmHg, and 97 mmHg, respectively. The 

surface tension and viscosity of these solutions were similar and only the effect of evaporation rate 

was studied in this part of the study. The properties of these solutions are exhibited in Table 4.2. 

A droplet of every solution that was made separately in these three solvents was held at 94 inches 

above the ground and once the fiber was drawn the diameter of the fibers at different positions 

from height = 0 inch to height = 93 inch was measured. The average diameter of the fibers for 

these three solutions are shown in Figure 4.4a. 

4.4.4 Effect of Surface Tension 

In order to study the effect of surface tension, different concentrations of the TritonX-100 

surfactant was prepared in PEO solutions. The viscosity of these solutions was similar. The surface 

tension values of PEO solutions in water with different concentrations of TritonX-100 are shown 

in Table 4.3. The surface tension of the PEO solutions in water decreased from 71.12 mN.m-1 to 

27.94 mN.m-1 as the concentration of the surfactant in the solution increased from 0wt% to 
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0.5wt%. As it is shown in Figure 4.5a, adding surfactant to the polymer solution may reduce 

surface tension of the solution, therefore, less force is required to overcome the surface tension 

and at lower surface tension fibers become thicker.147 According to Figure 4.5a and Figure 4.5b, 

increasing the surface tension acts to make the fiber size more uniform across its profile. The SEM 

images of the fibers drawn from TritonX-100 0.05wt% and 0.1wt% in PEO solution are shown in 

Figure 4.13a and Figure 4.13b, respectively. 

4.4.5 Obtaining a Master Curve 

According to Table 4.1, the polymer solutions mixed in various solvents have different 

evaporation rates, surface tensions, and viscosity. In order to consider the effect of all three 

properties on the diameter of the gravitational dry-spun ultralong fibers, PEO 2wt% solutions were 

made in various solvents such as anisole, water, 1,4-dioxane, acetonitrile, and methanol. The 

viscosity values of these solvents are almost the same, therefore, it is possible to show the 

relationships between vapor pressure, surface tension, and fiber diameter in a 3D-master plot 

(Figure 4.10c). In Figure 4.9, the sizes of single fibers are shown as a function of distance above 

the ground, and the effect of surface tension and evaporation rate has been demonstrated with 

different colors. Figure 4.9 verifies that by reducing the surface tension we can create a fiber with 

a larger radius even when the evaporation rate is larger, exactly as is observed experimentally in 

Figure 4.8. 

 

4.5 Applications of the Gravitational Dry-Spun Ultralong Micro and Nanofibers 

4.5.1 Polarization 

A dense bundle of twisted gravitational dry-spun nanofibers was fabricated to study their 

chirality effect. The twisted fibers contained one fiber made from PCL 10 wt% solution in 



 

101 

chloroform and one fiber made from PCL 10wt% with embedded silver nanowires with the 

concentration of 6 wt%. Silver nanowires (Ag NWs) dispersed in ethanol (20 mg.mL-1) with an 

average diameter of 90 nm and length of 30 μm were obtained from ACS Material. The labelled 

fibers were fabricated at the flow rate of 30 μL.min-1. The polarization of the twisted fibers is 

compared to that of straight PCL fibers in Figure 4.15. 

Figure 4.15a presents the optical transmission of the straight fiber with perpendicularly- 

and horizontally-polarized light, regards to the orientation of the fibers. The transmission in two 

cases show a strong fluctuation in terms of wavelength dependence which might come from the 

strong polarization dependent scattering of light with the straight polymer fiber. On the other hand, 

with twisted fiber, the polarization dependent transmission shows much less fluctuation. The 

twisted fiber with an extra dimension, has reduced the polarization dependence of scattering, 

results in a less fluctuation which can be seen in Figure 4.15b. The straight fibers are generally 

considered as one-dimension which exhibit polarization-dependent light scattering. However, the 

twisted and braided fibers can be considered as zero-dimension which do not show this 

polarization-dependence scattering. Therefore, the braided and twisted fibers have various 

potential applications. 

4.5.2 Cell Attachment on Fibers 

A 3D-scaffold was assembled by layer-by-layer deposition of nanofibers from the solution 

of PCL 10wt% in chloroform. The spacing between nanofibers was 50 μm in every layer and the 

layers were separated from one another by biodegradable polyglycolic acid (PGA) sutures with 

the thickness of 100 nm. The 3D-scaffold was placed in a 6-well plate and sterilized by UV 

irradiation for 3 days. For cell attachment experiment, 0.5 million RAW264.7 cells dispersed in 

4.0 mL medium were added to co-culture with fibers for 24 hours, and fibers were fully submerged 
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in medium during this whole process. Afterwards, medium supernatant was removed and cells 

were washed with cold PBS for three times. Then, cells were lightly fixed with 100% ethanol under 

room temperature for 10 min and washed with cold PBS for three times. Optical images of cells 

that attached to fibers were taken. For confocal imaging purpose, fixed cells were further incubated 

with 5.0 μg.mL-1 Wheat Germ Agglutinin, Alexa Fluor 488 conjugate (InvitrogenTM) and 2.0 

μg.mL-1 Dapi (InvitrogenTM) in PBS under room temperature in the darkness for 30 min and 

washed with PBS twice. Cells attaching on the fibers were imaged using LSM710 confocal 

microscope. According to Figure 4.16, the z-stack confocal images confirmed that the cells 

infiltrated into the scaffold and attached to the nanofibers. More experiments are required to create 

vascularization by inserting porous gravitational dry-spun microfibers in the scaffold. 

 

4.6 Conclusion 

The gravitational-spinning method is a modified dry-spinning method that allows for 

drawing free standing single ultralong micro- and nanofibers for various biomedical, photonics, 

and textile applications. In the previous drawing techniques, the pulling speed was not efficient for 

manufacturing productivity, however, gravitational-spinning is capable of producing ultralong 

nanofibers in fraction of second. The productivity would be enhanced if more nozzles are available 

to eject polymer droplets. Furthermore, almost all of the polymer solutions and melts can be used 

in this technique for fiber spinning and the single nanofibers can precisely be placed on the surface 

of the substrate during fabrication. 
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Figure 4.1. The gravity-spinning set-up. A droplet falls from a syringe at a velocity 
1

ˆˆ ( )t  striking 

the stage a distance Ĥ  below. 
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Figure 4.2. The schematic diagram of the gravity-spinning experiment. The droplet falls at speed 

1
ˆˆ ( )t  drawing out a fiber with cross-sectional radius ˆ ˆˆ( , )R z t  and fluid velocity ˆˆ ˆ( , )z t . The radius 

of the droplet 1R̂  remains constant as the droplet falls.  
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Figure 4.3. Comparison of theoretical prediction for the variation of fibre radius R  with distance 

from the stage (solid curve) with experimental data (crosses) for the parameter values  0  ,  

0  , 0.9g  , and 1G  . (a) Experimental data; (b) Mathematical modeling. 
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Figure 4.4. Variation of dimensionless fiber radius R  (scaled with radius at the droplet) with 

dimensionless distance from the stage 1 z  (scaled with total stage height) as we vary the 

evaporation strength 0,0.1,0.2,0.3,0.4  . Other parameters are 1  , 1g  , and 1G  . (a) 

Experimental data; (b) Mathematical modeling. 
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Figure 4.5. (a) Variation of dimensionless fiber radius R  (scaled with radius at the droplet) with 

dimensionless distance from the stage 1 z  (scaled with total stage height) as we vary the surface 

Fiber radius (R) 

Distance from the stage (1-z) 
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tension 0,1,2,3,4  . Other parameters are 0.1  , 1g  , 1G  . (b) Comparison with 

experiment showing the same qualitative agreement. (a) Experimental data; (b) Mathematical 

modeling. (a) Experimental data; (b) Mathematical modeling. 
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Figure 4.6. Variation of dimensionless fiber radius R  (scaled with radius at the droplet) with 

dimensionless distance from the stage 1 z  (scaled with total stage height) as we vary the 

gravitational force on the fluid 0,1,2,3,4g  . Other parameters are 0.1  , 1  , and 1G  . 
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Figure 4.7.  Variation of dimensionless fiber radius R  (scaled with radius at the droplet) with 

dimensionless distance from the stage 1 z  (scaled with total stage height) as we vary the force 

on the droplet 0,0.3,0.6,0.9,1.2G  . Other parameters are 0.1  , 1  , and 1g  . 
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Figure 4.8. Variation of dimensionless fiber radius R  (scaled with radius at the droplet) with 

dimensionless distance from the stage 1 z  (scaled with total stage height) determined 

experimentally for different solvents. Note that both evaporation rate and surface tension vary so 

we need a master plot to predict the variation. 
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Table 4.1. Vapor pressure, viscosity, and surface tension for the solvents used. 

 

 

Solvent Vapor Pressure (mmHg) Viscosity (Pa.s) Surface Tension (mN.m-1) 

Anisole 2.4 1.05×10-3 36 

Water 17.54 1×10-3 72.9 

1,4-dioxane 29 1.37×10-3 33 

Acetonitrile 72.8 3.5×10-4 19.1 

Methanol 97 5.9×10-4 22.5 
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Figure 4.9. Variation of dimensionless fiber radius R  (scaled with radius at the droplet) with 

dimensionless distance from the stage 1 z  (scaled with total stage height) for 0.1   and 10   

(blue); 0.15   and 10   (red) and 0.1   and 5   (yellow). The graph illustrates that, by 

reducing the surface tension we can create a fiber with a larger radius even when the evaporation 

rate is larger, exactly as is observed experimentally in Figure 8. 
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Figure 4.10. (a) Variation of dimensionless final fiber radius R  (scaled with radius at the droplet) 

with evaporation rate   as we vary surface tension 0.02,0.5,2,8,30  , with 1g G  . (b) 

Variation of dimensionless final fiber radius R  (scaled with radius at the droplet) with surface 

tension   as we vary evaporation rate 0.1,0.2,0.3,0.4,0.5,0.6  , with 1g G  . (c) 3D-master 

plot showing dependence of final radius on   and   when 1g G  . 
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Figure 4.11. Variation of dimensionless final fiber radius R  (scaled with radius at the droplet) 

with viscosity  . Here 1g G   and we take 5  ;  0.3  . 
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Figure 4.12. SEM images of a (a) microfiber from the solution of PCL (Mw~80k) 10wt% in 

chloroform, and (b) nanofiber from the solution of PEO (Mw~8000k) 0.5wt% in water using 

gravitational dry-spinning technique. 
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Table 4.2. Properties of PEO solution in various solvents at 20 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Evaporation Rate 

(mmHg) 

 Surface Tension 

(mN.m-1) 

 Viscosity 

(Pa.s) 

PEO 2wt% in 1,4-dioxane 29  42.96  9.59 

PEO 2wt% in acetonitrile 72.8  30.06  11.44 

PEO 2wt% in methanol 97  36.28  18.18 
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Table 4.3. Properties of TritonX-100 in PEO solution at 20 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Surface Tension 

(mN.m-1) 

Viscosity 

(Pa.s) 

TritonX-100 (0wt%) in PEO in water 71.12 19.9 

TritonX-100 (0.05wt%) in PEO in water 36.88 19.25 

TritonX-100 (0.1wt%) in PEO in water 32.78 18.43 

TritonX-100 (0.5wt%) in PEO in water 27.94 16.37 
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Figure 4.13. SEM images of (a) fiber from the solution of Triton 0.05wt% in PEO in water; (b) 

fiber from the solution of Triton 0.1wt% in PEO in water. 
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Figure 4.14. (a) Twisted and (b) straight fibers using gravitational dry-spinning technique. 

 

 

 

 

 

20 µm 

(a) (b) 

50 µm 



 

122 

400 450 500 550 600 650 700

0.0

0.2

0.4

0.6

0.8

1.0

T
ra

n
s
m

is
s
io

n
 (

n
o
rm

.)

Wavelength (nm)

 Parallel

 Perpendicular

 

400 450 500 550 600 650 700

0.0

0.2

0.4

0.6

0.8

1.0

T
ra

n
s
m

is
s
io

n
 (

n
o
rm

.)

Wavelength (nm)

 Parallel

 Perpendicular

 

Figure 4.15. (a) straight fibers: including PCL straight fiber (diameter of 1 to 2 um) embedded 

with silver nanowire (diameter = 90 nm, Length = 30 um); (b) twisted fibers: including plain PCL 

fiber twisted with PCL fiber (diameter of 1 to 2 um) embedded with silver nanowire (diameter = 

90 nm, Length = 30 um). 
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Figure 4.16. z-stack confocal images of the RAW264.7 murine macrophages attached to the 

gravitational-spun PCL fibers. The layers of PCL fibers were separated by 100-μm thick PGA 

sutures. The cells infiltrated into the 3D-scaffold.  
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CHAPTER 5 

CONVERSION OF METALLIC SINGLE-WALLED CARBON NANOTUBE NETWORKS 

TO SEMICONDUCTING THROUGH ELECTROCHEMICAL ORNAMENTATION 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
4 D. Asheghali, P. Vichchulada, M. D. Lay, 2013, Journal of the American Chemical Society 135 (20): 7511-7522. 

Reprinted here with permission from JACS 2013, 135(20), 7511-7522. Copyright ©2013, American Chemical Society. 
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5.1 Abstract 

Field-effect transistors (FETs) that incorporate single-walled carbon nanotube (SWNT) 

networks experience decreased on-off current ratios (Ion/Ioff) due to the presence of metallic 

nanotubes.  Herein, we describe a method to increase Ion/Ioff without the need for either specialized 

SWNT growth methods or post growth processing to remove metallic nanotubes.  SWNTs that 

were grown using conventional arc discharge methods were deposited from aqueous suspension.  

Then, the SWNTs in the network were decorated with Cu2O nanoparticles that acted as 

controllable valves that restricted current flow at positive gate voltages.  This resulted in an 

unprecedented reduction in Ioff, as sub-10 nm sized electrodeposited nanoclusters acted as 

numerous tunable valves, providing greatly improved network sensitivity to gate voltages in the 

relatively small range of ±5 V.  Larger nanoclusters were found to increase network conductivity, 

but not Ion/Ioff.  The ability to convert metallic SWNTs to semiconducting without removing them 

allows for enhanced Ion, and lower noise while still achieving greater magnitudes of Ioff.  
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5.2 Introduction 

Pristine, individual single-walled carbon nanotubes (SWNTs) have excellent electrical 

properties that far exceed those of semiconductors and metals currently used in microchip 

manufacturing.  Depending on chirality and diameter, individual SWNTs may be semiconductive 

(s-SWNT) or metallic (m-SWNT).  For s-SWNTs, the electron mobility is orders of magnitude 

greater than that for Si and GaAs.148  While in m-SWNTs, the mean free path for an electron can 

exceed 2 µm, making them prime candidates for use as electrical interconnects.  Additionally, 

since conduction occurs via an extended π bonding network, they are not susceptible to 

electromigration, the movement of metal nuclei in response to momentum transfer from electrons 

during current flow.  This is an increasingly significant failure mechanism as device structures 

decrease in size.149 Therefore, both varieties of SWNTs have great potential in many 

microelectronics applications.   

However, significant challenges remain for developing manufacturable electronic 

materials that make use of an individual SWNT as the active component, as one of the most notable 

characteristics of SWNTs is their polydispersity: for bulk growth processes, 1/3rd are m-SWNTs, 

while the other 2/3rd are s-SWNTs.  Approaches to dealing with this problem include attempts at 

selective growth of s-SWNTs,150-152 or post growth solution processing to remove m-SWNTs.153-

156  Even amongst s-SWNTs, the band gap varies with diameter and chirality from near 0 to ~1.8 

eV.  Therefore, even after the separation of SWNTs based on their type of electrical conductivity, 

widely varying band gaps remain in the semiconductive portion, causing semiconductor device 

structures formed from individual SWNTs to be highly irreproducible.  Additionally, the current 

drive through an individual SWNT is limited to the nA range, while higher current drives are 

needed by modern electronic devices.  Further, device structures based on individual SWNTs will 
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require significant advances in the ability to control the length, orientation, and location of SWNTs 

during their growth or deposition.   

Therefore, 2-D SWNT networks are the proximate route to their widespread use.  In a 2-D 

array, the nanotube density and alignment largely dictate performance.  Also, multiple SWNTs 

connected in parallel provide orders of magnitude more current than an individual SWNT.  Further, 

unlike Si-based electronic materials, SWNT networks have great potential in transparent, 

lightweight, and flexible electronic materials, especially as new aqueous suspension-

based deposition methods are developed for the polymer substrates used in these applications.   

A drawback to the use of SWNT networks is their greatly reduced performance, relative to 

that observed for single-SWNT systems. This reduced performance is due to several factors that 

are addressed in this work: (i) Inter-device precision is low in field-effect transistors (FETs) based 

on SWNT networks in part because changes in the Schottky barrier height between s-SWNTs in 

direct contact with the metal source and drain electrodes dictate much of the response to the gate 

voltage (Vg),
157-159 leaving the semiconductive channel largely unaffected. Also, the OFF-state 

current of SWNT network-based FETs is limited by the presence of the metallic pathways 

provided by m-SWNTs and small band gap s-SWNTs, since they are largely unaffected by Vg.  

These effects combine to increase the OFF-state source/drain currents in SWNT-based devices, 

greatly reducing their energy efficiency.  (ii)  Due to the inter-SWNT tunnel junctions that must 

be traversed in a network, their electron mobility decreases up to three orders of magnitude, 

relative to that for individual nanotubes.148, 160  (iii)  The poor attractive forces between metals and 

the π bonding network in nanotubes results in non-Ohmic contacts, increasing contact R and 

thereby reducing the level of ON-state current efficiency that can be achieved at a given 
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source/drain voltage, reducing the ON-STATE/OFF-STATE current ratio (Ion/Ioff).  The approach 

to overcoming these three challenges is described in detail below. 

To address issues related to the variability in conduction for SWNTs (i), electrodeposition 

was used to form numerous Vg-tunable contacts composed of high work function nanoclusters 

along the SWNT sidewalls.  This facilitated much greater coupling between the nanotube network 

and Vg, as occurs in conventional Si-based FETs, allowing several orders magnitude in the 

reduction of Ioff that could be achieved.  This was facilitated by the decorating the network with 

nanoclusters of the high work function species Cu2O (Φ = 4.9 eV).161  This value is slightly higher 

than the experimentally determined work function of 4.6 - 4.8 eV for SWNT films.162  High work 

function adsorbates withdraw electron density from s-SWNTs at the point of contact, increasing 

their band gap on a local level and increasing their sensitivity to gate voltages.  Cu2O is readily 

formed via electrochemical methods and has been widely investigated for use in solar cells,163-164 

sensors165-166 and catalysis.167-168 The π network in SWNTs is strongly affected by molecular 

adsorbates, with a molecular electron-withdrawing species increasing the nanotube’s 

semiconductive character by increasing its band gap on a local level.   

This manuscript also presents evidence that a band gap can be opened in m-SWNTs, 

obviating the need to separate them from s-SWNTs before network formation.  This will greatly 

simplify network formation and optimization.  In fact, OFF-state source/drain leakage currents 

were greatly reduced, facilitating a 211-fold increase in Ion/Ioff.  As the effect of metallic pathways 

on Ioff is reduced, networks of increased density may be deposited without sacrificing Ion/Ioff, 

facilitating the advantages in reproducibility and current drive provided by greater numbers of 

SWNTs.169  This apparent conversion of m-SWNTs is attributed to the fact that they are not true 

metals, but in fact zero band gap semiconductors, or semimetals, like graphene.170-171   Therefore, 
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our deposition method for metal oxide nanoclusters is an effective way to open a band gap in m-

SWNTs by inserting a point where conductivity can be controlled along an otherwise conductive 

nanotube.172 

The inter-SWNT tunnel junction (ii) is unique to network devices.  At these junctions, 

surface-bound SWNTs have a slightly increased contact area to each other due to a slight 

deformation of the tubes caused by van der Waals attractions.  However, since the tunneling 

probability for an electron decays exponentially with distance, the 3.5 Å van der Waals spacing 

between crossed nanotubes presents a non-trivial barrier.  Additionally, Schottky barriers between 

m- and s-SWNTs present numerous high-R barriers in a network.173-175   

In this work, inter-SWNT R was reduced by depositing low-defect, unbundled nanotubes 

in a manner that allowed control over the density and alignment of SWNTs in the network.  Inter-

SWNT R is greatly increased for a network composed of bundles of nanotubes, compared to 

individuals.176  Therefore, we employed a new method for producing suspensions of unbundled 

high aspect ratio SWNTs and depositing them without allowing bundle formation,177 while 

maintaining strict density control over the network during all states of its formation.178-179  Density 

control is important because as density increases, conductivity, current drive, Ion/Ioff, and 

reproducibility increase.  However, at very high nanotube density, the electron mobility and Ion/Ioff 

begin to decrease due to bundle formation and charge shielding.180  Further, this deposition method 

allowed large number of SWNTs to be deposited either in a random orientation, or with partial 

alignment.181  The ability to increase the SWNT alignment allowed the number of inter-SWNT 

tunnel junctions to be reduced, maximizing the advantages in electron mobility provided by the 

SWNT.   
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Recent computational studies by Li and Marzari found that while the inter-SWNT van der 

Waals distance is 3.5 Å, the C-transition metal atom distance is 2.4 Å.182  This is a significant 

reduction in distance, considering the exponential dependence of tunneling current on barrier 

distance.  They also reported that the Cu-C bond was found to have a very low binding energy 

(0.38 eV), due to the full d-orbitals in Cu, and that transition metals with low binding energies 

with C had greater quantum conductance near the Fermi level between crossed s-SWNTs.  

Therefore, the electrodeposition of randomly distributed Cu-containing nanoparticles is expected 

to produce nanoparticles that fortuitously bridge inter-SWNT junctions and reduce inter-SWNT R 

by reducing the tunneling barrier height between s-SWNTs, and the Schottky barrier height 

between m-SWNTs and s-SWNTs. 

Optimizing electron transfer across heterojunctions (iii), is an important consideration for 

incorporating any nanomaterial into conventional device structures.  For SWNTs, this is 

complicated by difficulties with forming low-resistance metal-C bonds due to the poor “wetting” 

of sp2-hybridized C by most transition metals, and Schottky barriers between s-SWNTs and 

metals.183  This reduced attraction between metals and SWNTs leads to an increased electron 

tunnel barrier, increasing the R between source and drain contacts.  An additional obstacle to 

interfacial transport is presented by the semiconductive variety of SWNTs, due to the formation 

of a Schottky barrier at their contacts to metal electrodes severely limiting the transistor ON-state 

current Ion.   

Interfacial R was reduced as electrodeposited nanoclusters effectively nanosoldered the 

metal/SWNT junctions, providing an increased contact area to all SWNTs, and a reduced Schottky 

barrier height to s-SWNTs.  The reduced C-transition metal atom distance expected for the Cu 

oxides allowed them to act as low resistance “shunts” that facilitated electron transfer from/to 
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metal source and drain electrode pairs.  This addresses a critical concern, as interfacial contacts 

often dictate the electrical properties of SWNT-based systems, rather than the enhanced properties 

of nanotubes.184   

Previous efforts to reduce the interfacial R between SWNTs and metals often involve high 

temperature annealing.  For example, chemical reactions between SWNTs and various metal 

carbides were driven at temperatures above 900 °C to form nanotube-carbides, reducing R to ~1/4th 

of its original value.185   In another instance, resistive heating of a gold electrode was used to effect 

“local melting,” in order to embed multi-walled carbon nanotubes (MWNTs) into the electrodes.186  

The R was reduced by 60%, with the effect being attributed to increased interfacial contact area to 

the MWNT.  A 5-fold increase in current was also achieved by using the electron beam in a 

scanning electron microscope to solder MWNTs to Au electrodes by decomposing a gas phase 

gold-C precursor.187    

A recent report by this group revealed that controlled chemical oxidation, followed by 

annealing at just 300 ºC could greatly improve conductivity in SWNT networks.188  The order in 

which the various device structures were formed played a crucial role in the extent to which R 

could be reduced during post-fabrication treatments.  When electrical contacts were deposited on 

top of pre-existing networks, a moderate level of R reduction was observed.  This indicates that if 

the metal/SWNT contacts are closed to further chemical reactions, the only reduction in R 

observed is that due to the enhanced inter-SWNT contacts formed during annealing.  This was 

confirmed by Raman microscopy, which indicated a reduction in the density of sidewall defects in 

SWNTs, and desorption residual dopants.  However, when the network was deposited on top of 

prefabricated Ti electrodes, a 13-fold reduction in R and an 18-fold increase in the inter-device 

precision could be ascribed to the formation of “molecular anchors” at the inter-SWNT and 
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metal/SWNT junctions.  Evidently, the large contact area over which there was chemical access 

to the metal/SWNT interface, relative to device structures with nanotubes buried in metal 

electrodes, allowed for greater optimization of the interface.  The chemical access provided by 

depositing SWNTs onto prefabricated Ti electrodes provides a unique opportunity to use 

electrodeposition to increase electronic transport.   

In order to test an electrochemical approach to device optimization, Ti electrodes were 

formed on a variety of silica-terminated surfaces.  SWNTs do not readily adhere to native silica or 

Ti surfaces.  However, the native oxide that formed on Ti in air resulted in a titania-terminated 

surface, which like silica was amenable to modification via self-assembled monolayer formation 

by a silane.  Therefore, all surfaces were treated with a silanization agent to form a self-assembled 

monolayer that served as an adhesion layer.  Then, electrodeposition was used to form conductive 

shunts through the silane and the native TiOx adlayers, bridging the gap between SWNTs and the 

conductive Ti below.  To simplify the discussion of the titania surfaces, they will be referred to as 

Ti/TiOx.  Although Ti/TiOx was used for these studies, this method is expected to significantly 

improve interfacial electron transport between SWNTs and other metals that form native oxides, 

like Al, Ta, Ni and various ferrous systems.  Cu2+ was used for electrodeposition in these studies 

since its oxides form readily in an electrochemical environment, and they are p-type, wide band 

gap semiconductors, like SWNTs.  Also, the copper oxides have high work functions, which allow 

them to serve as electron withdrawing dopants when in direct contact with nanotubes. 

The electrochemical nanosoldering method described in this manuscript is a room 

temperature, inexpensive, and facile route to obtaining great gains in conductance and Ion/Ioff since 

it specifically decorates the SWNTs and metal electrodes with nanoclusters of controllable size 

distributions.  This is facilitated by control over the magnitude of the driving force for the metal 
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deposition (via the electrochemical potential), and precise control over the average size of the 

nanoparticles (via the charge that is allowed to pass).  Further, electrodeposition is a non-line-of-

sight deposition method that prohibits deposition on nonconductive parts of the surface, allowing 

preferential deposition on individual SWNTs dispersed on insulating substrates.  These abilities 

provide distinct advantages over physical vapor deposition methods, which indiscriminately 

deposit molten metal nanoparticles over the entire sample.  

 

5.3 Experimental Details 

5.3.1 Substrate Preparation 

A dual-filament thermal evaporator (Thermionics), operating under high vacuum (P < 1 × 

10-6 torr), was used to deposit 150 nm of Ti (99.995% pure, 1/8” diameter pellets, Kurt J. Lesker 

Company) onto either Ti-coated glass slides or photoresist-coated, lithographically patterned 

Si/SiOx wafers.  Then, the substrates were cleaned with a compressed CO2 snow-jet.  The entire 

samples, including the Ti/TiOx electrodes were modified with a silane monolayer that served as an 

adhesion layer for the SWNTs, using a method described by this group previously.177-178  Briefly, 

samples were immersed for 45 min. in a solution of 10 mM 3-(aminopropyl) triethoxysilane (3-

APTES, 99%, Aldrich) in ethanol (99.5%, absolute 200 proof, ACROS).    Next, the samples were 

cleaned in a stream of fresh ethanol and then water.  In order to ensure that excess layers of the 

silane were removed, the surfaces were cleaned with compressed CO2 from a snow-jet as this has 

proven effective for removing excess silane, leaving only a strongly bound monolayer on the 

surface.189     

For testing the effect of nanocluster formation on SWNT network FETs, source and drain 

electrode pairs were formed using standard optical lithography methods.  UV-light exposure 
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through a patterned quartz mask was used to project the pattern for the electrodes onto photoresist-

coated Si/SiOx wafers.  This was followed by Ti physical vapor deposition and photoresist lift-off 

to yield 150 nm-thick source/drain electrode pairs on top of a 500-nm thick dielectric SiOx layer.  

Prior to SWNT network deposition, these samples were modified with a silane layer, as described 

above.   

5.3.2 SWNT Suspension and Network Formation 

Arc discharge soot (AP grade, Carbon Solutions, Inc.) was dispersed into an aqueous 1% 

sodium dodecyl sulfate (SDS, J.T.Baker) solution via probe ultrasonication (Fisher Model 500) at 

a power density of 0.4 W/mL.  These conditions have been previously described as effective at 

forming stable suspensions of high aspect ratio SWNTs, while minimizing sonication induced 

damage to the nanotube sidewalls.190  Next, a low relative centrifugal force (RCF) processing 

method was used to separate the undamaged, high aspect ratio SWNTs from amorphous C and 

residual catalyst contaminates.177 

This group has developed an SWNT network formation method that uses iterative 

deposition cycles to grow a network from the bottom up, while avoiding SWNT bundle 

formation.181  To deposit reproducible densities of unbundled SWNTs bridging the electrodes, the 

silanized surfaces were wet with a purified SWNT suspension and immediately dried in a 

unidirectional stream of N2 and rinsed with copious amounts of H2O.  This deposition cycle was 

repeated eight times for all samples to build networks that were composed of similar densities of 

unbundled SWNTs, as described previously.178-179, 181  For samples designated “aligned,” one 

drying direction was used to deposit SWNTs, while for “crossbar” samples an equal number of 

orthogonal drying steps were used.  The initial R, prior to electrochemical experiments, for all 

samples was ~1 MΩ. 
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5.3.3 Electrochemical Setup 

In order to determine the effect of the area of the SWNT network relative to the contact 

area provided by the metal electrodes (Anetwork/ATi) on the electrochemical response and change in 

two-terminal R, samples of various dimensions were analyzed in either sealed glass beakers, or 

homemade glass electrochemical cells, as described below.  The glass cells employed a Viton 

gasket at the bottom that restricted the working electrode area to a 1.0 cm diameter disk.  All cells 

were purged with high-purity N2 for at least 30 minutes prior to all experiments.  Solutions were 

composed of 0.1 M CuSO4 and 0.5 M H2SO4 (Aldrich) in ultrapure water (18.2 MΩ, Millipore).  

Standard three-electrode electrochemical cells, with each sample serving as the working electrode, 

were connected to a potentiostat (CH Instruments, 600C), with a Au wire serving as a counter 

electrode, and a Ag/AgCl reference electrode (3 M KCl, BASi).  A scan rate of 50 mV/s was used 

for all cyclic voltammetry (CV). 

5.3.4 Analytical Methods 

Atomic force microscopy (AFM) was performed in air using intermittent contact mode 

(Molecular Imaging, PicoPlus).  To determine the effect of various electrodeposition conditions 

on the density and height of the nanoclusters, at least five areas of each sample were analyzed with 

AFM image analysis software (WSxM, v5.0).191  Raman spectroscopy (Thermo Scientific, DXR 

SmartRaman) was performed on samples using a 532 nm laser excitation source with 5 mW 

intensity at the sample, 100 X objective, and a charge-coupled (CCD) detector.  A semiconductor 

characterization system (Keithley, 4200SCS) and probe station (Signatone, S-1160A) were used 

to ascertain the effect of nanoparticle size on two-terminal R and transistor performance.   
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5.4 Results and Discussion 

5.4.1 Electrochemistry of Cu2+ on Ti/TiOx Surfaces  

The ~20 Å thick native oxide that spontaneously forms on fresh Ti surfaces is largely 

composed of TiO2, which is essentially an insulator having a band gap of 3.7 eV.192  Crystalline 

forms of this passivation layer are of interest as a dielectric material in electronic device 

structures.193  In these studies, thermal evaporation was used to form amorphous Ti layers with 

native oxides that were highly inhomogeneous, characterized by numerous grain boundaries and 

defects. Previously reported conductive atomic force microscopy (C-AFM) studies of 

polycrystalline Ti/TiOx electrodes demonstrated that grain boundaries between crystals in the 

underlying Ti exhibit more than a 200-fold increase in conductivity compared to TiO2 layers over 

crystal facets.194-195  They were only able to estimate the size of these conductive hotspots at <50 

nm, due to the resolution limits imposed by the C-AFM probe. The electrochemical response of 

Ta electrodes (terminated by a 25 Å thick native oxide) was also found to be defined by similar 

microscopic electrochemically active low-valence-oxide defects in a largely dielectric layer.194 

In the case of the Ti surfaces described herein, low valence Ti oxides (Ti2O3 and 

nonstoichiometric TiO) existed as shunts through the dielectric TiO2 adlayer.  Metallic conduction 

is observed for the nonstoichiometric Ti oxides which have a Ti/O ratio of 0.8 to 1.7.196  The 

amorphous Ti/TiOx surfaces used in these studies are expected to have numerous sub-nm sized 

electrochemically active hotspots that represent conductive shunts to the underlying Ti.  These 

shunts, when electrically connected to SWNTs, provide a valuable route to reducing the interfacial 

R in device structures. 

The TiO2 oxide caused the Ti/TiOx samples to have a smaller electrochemically active 

surface area, as the conductive defects acted as an array of connected nanoelectrodes.  This resulted 
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in the nucleation and growth of numerous nanoparticles, rather than the formation of the conformal 

monolayers observed on noble metals.  Ti/TiOx surfaces were investigated at every step of the 

surface preparation process as follows (Figure 1a): the unmodified Ti/TiOx surface, the silane-

modified Ti/TiOx surface (TiOx/silane), and the silane-modified Ti/TiOx surface in the presence of 

adsorbed SWNTs (TiOx/silane/SWNTs).   

Numerous Ti/TiOx samples were prepared as described above and mounted in a cell that 

restricted the electrochemically active area to 3.14 cm2.  Freshly made samples were used for each 

electrochemical experiment and AFM analysis of deposits demonstrated that the density of 

nucleation points was similar for all samples of Ti/TiOx.  As each CV started at the open circuit 

potential, 0.315 V, and progressed at 50 mV/s in the negative (cathodic) direction, a large peak 

between -0.20 and -0.30 V corresponded to the reductive deposition of copper oxide nanoclusters 

(Figure 1b).  The TiOx/silane/SWNTs samples had increased electrochemical current for these 

cathodic waves, relative to the TiOx/silane samples.  Evidently, the presence of the highly 

conductive SWNTs provided an increased density of nucleation points, resulting in the deposition 

of greater densities of nanoparticles, and commensurately higher current.   

Each cathodic scan ended at -0.4 V, where the scan direction was reversed, and an anodic 

scan (toward positive potentials) began.  Initially, the magnitude of reductive current remained 

high enough to cause each anodic curve to cross the cathodic scan at two points, near -0.16 and 

0.02 V.  While this behavior would be unusual for the electrodeposition of a conformal layer on a 

flat, noble metal surface, it is commonly observed for electrodeposition on metal oxide-terminated 

surfaces.  Such crossover points are caused by nucleation and growth processes enhancing the 

electrode area, and thus the deposition current.197-198   
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As the anodic scans continued, large waves around 0.4 V represented the oxidation of Cu2O 

to form CuO(s).  For the Ti/TiOx samples, the amount of charge flow was 9,539 and 1,300 mC in 

the cathodic, and anodic waves, respectively.  The larger magnitude of anodic current indicated 

that the CuO remained stable on the surface.  The oxidative dissolution of CuO was not observed 

since potentials positive enough to facilitate this would have further oxidized the Ti/TiOx 

surface,197, 199 increasing the thickness of its native oxide and the interfacial R between the SWNTs 

and electrode.  The amount of current for the deposition of nanoparticles decreased notably for the 

TiOx/silane samples, relative to the Ti/TiOx samples.  This was due in part to the silane effectively 

reducing the active electrode area by inhibiting access to the conductive shunts in the Ti/TiOx 

surface.   

After CV revealed the potentials at which nanoparticle deposition occurred, constant 

potential deposition (chronoamperometry) at 0.10 V vs. Ag/AgCl was used to obtain information 

about the reaction rate on each surface.  The amount of charge allowed to flow was limited to 16.7 

mC for each surface, as this allowed the growth of nanoparticles of sufficient size to be 

characterized with AFM, as discussed subsequently.  As 0.10 V is just negative of the equilibrium 

potential (0.35 V), the reaction rate was slow and the shape of the extended i vs. t curves could be 

examined (Figure 1c).  The Ti/TiOx samples had the highest current density, followed by the 

TiOx/silane samples due to inhibition of electron transfer caused by the silane monolayer, as 

observed for CVs.  However, the TiOx/silane/SWNT samples differed markedly with respect to 

the other samples, as the i vs. t curves had a sigmoidal shape that indicated that the initial nucleation 

process was enhanced.  Then, the current reached a brief diffusion-limited regime that was 

followed by a broad wave of increasing current density.  Additional experiments revealed that this 

increase in current continued indefinitely for the TiOx/silane/SWNT samples. 
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Metals that are not terminated by oxide layers (i.e. Au, or Pt) typically have i vs. t traces 

with an initial spike in current, followed by an extended region of steady-state current.  This initial 

current spike is due to the charging of the electric double-layer and the immediate reaction of 

electroactive species at the electrode’s surface, while in the steady-state region, deposition is 

limited by the rate of diffusion of the analyte to the electrode.  Alternatively, unique 

chronoamperometric current transients are often observed during electrodeposition at 

heterogeneous metal oxide surfaces,200  where an  initial spike in current indicates instantaneous 

nucleation.  This is followed by a broad sigmoidal feature that is typical of progressive nucleation 

(the density of nucleation sites increases with time), in addition to growth, resulting in continually 

increasing current density.  This sigmoidal feature is typically observed at high driving forces 

(more negative potentials) for the reaction, so its observation for the TiOx/silane/SWNT samples 

indicated that the SWNT enhanced the nucleation process.  Then, at longer deposition times 

continually increasing current is expected due to the continuously increasing electrode area. 

Electrodeposited Cu microstructures are known to exist as composites of Cu, Cu2O, and 

CuO, with Cu2O being the dominate species.201-202  In our work, Raman microscopy indicated that 

the nanoparticles existed as Cu2O, CuO, or Cu nanoparticles for small, intermediate, and large 

charge densities, respectively (Figure 1d).  For electrodeposition on Ti/TiOx substrates, size 

gradients were observed for the nanoparticles, with the size decreasing with increasing distance 

from the point of contact for the working electrode.  This can be attributed to the electrical 

resistance in the Ti/TiOx samples caused by numerous grain boundaries in these amorphous 

samples, and the various inclusions and defects at the surface.  For the smaller nanoparticles, 

confocal Raman spectra had peaks expected for scattering at phonons in Cu2O, at 95, 216, and 420 

cm-1.165, 203  As the size of the nanoclusters increased, these peaks decreased in intensity and a wave 
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at 295 cm-1, indicative of CuO,204 increased in prominence.  Cu2O and CuO have overlapping 

Raman active phonons at and 620 cm-1.  While an observable spectrum was not obtainable for the 

sub-10 nm clusters that were deposited in these studies, they are assumed to be largely composed 

of Cu2O. 

The inhomogeneous nature of the native oxide layer in these samples resulted in conductive 

TiO and Ti2O3 shunts through the nonconductive TiO2 adlayer.  TiO, in particular, exhibits metallic 

conduction,205 but defects at grain boundaries in these samples also provided conductive shunts to 

the underlying Ti.  The examination of numerous Ti/TiOx deposits with AFM allowed 

visualization of the density of conductive shunts, as evidenced by the presence of nanoparticles 

(Figure 2).  A histogram of the height information obtained in every pixel of the image, or z-range, 

revealed that the average height increased from 6.83 nm (image not shown), to 20.69 nm, with a 

maximum height of 115.27 nm.   

For the TiOx/silane samples, a larger density, but smaller size of nanoparticles was 

observed under identical deposition conditions.  Also, their spatial distribution decreased, with 

closely spaced clusters appearing throughout each AFM image (Figure 3).  The average height in 

this representative image decreased to 13.97 nm, with a maximum of 84.51 nm.  These 

observations can be explained by the silane monolayer acting as a defect-prone dielectric atop the 

conductive shunts in the electrode, increasing the electrode/electrolyte separation by ~7 Å,206 the 

monolayer thickness for 3-APTES.  Due to the surface roughness of the Ti/TiOx samples, the silane 

was expected to have few crosslinkages between monomers and to be characterized by a high 

defect density.  This resulted in a larger number of smaller diameter conductive pinholes through 

the silane, which were revealed by the location of the nanoparticles.  This resulted in closely spaced 

clusters of smaller Cu2O nanoparticles, relative to those observed on the Ti/TiOx surface.   
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While the presence of a silane monolayer inhibited electrodeposition on Ti/TiOx, the 

TiOx/silane/SWNT samples had much larger nanoparticles, with many observed to preferentially 

deposit the sidewalls of the nanotubes (Figure 5.4).  The average height observed in a 

representative image increased from 13.97 for the TiOx/silane samples, to 18.85 nm, with a 

maximum of 111.11 nm.  AFM image analysis software allows the estimation of the volume 

occupied by the nanoclusters by multiplying the distance information obtained for the x, y and z 

data for each point higher than 1 nm across the surface.  As the same charge and electrochemical 

conditions were used to form these three types of deposits, they are expected to have similar 

amounts of material deposited, despite their clear differences in morphology.  Analyzing the 

volume occupied by these nanoclusters provides insight into the effect of surface properties on the 

charge efficiency for deposition on each surface.  The volume occupied by deposits for the three 

surfaces were 1.3, 0.83, and 1.1 µm3, for the Ti/TiOx, TiOx/silane, and TiOx/silane/SWNT surfaces, 

respectively.  The decreased amount of nanoclusters on the TiOx/silane samples may be attributed 

in part to strong silane/surface bond disrupting the local oxidation state of the Ti/TiOx surface, thus 

increasing the density of conductive shunts.  Also, the silane monolayer increased the distance 

between the electrolyte/electrode interface.  This would effectively decrease the interfacial 

capacitance and result in the need for greater charging current to achieve the applied 

electrochemical potential, decreasing the current efficiency for nanoparticle formation.  This effect 

is expected to be lessened for the TiOx/silane/SWNT samples since the nanotubes provided a high 

capacitance electrode through which more efficient electrodeposition could occur.  The formation 

of these conductive nanoclusters presents an important opportunity to reduce the interfacial R 

caused by the weak attraction between sp2 hybridized C and metal electrodes.  This possibility will 

be explored in a subsequent section. 
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5.4.2 Electrochemistry of SWNT Networks 

In order to investigate the effect of the electrodeposition of nanoparticles on the two-

terminal R of networks, an SWNT network was deposited across two Ti/TiOx electrodes that were 

bridged by an insulating glass substrate (Figure 5.5a).  This configuration approximates that of the 

source and drain electrodes found in field-effect transistors.  The devices were constructed so that 

two Ti/TiOx electrodes with a combined area of 1.5 cm2 were separated by a 1.0 cm insulating gap 

with an area of 2.5 cm2.  After each sample was silanized, a network composed of similar densities 

of either partially aligned or crossbar oriented SWNTs was deposited.  Finally, electrodeposition 

at 0.10 V was performed until a total charge of 16.7 mC passed (Figure 5.5b).  The aligned network 

reached this charge at 2,908 s, while the crossbar network required only 2,026 s.  

Chronoamperometry curves for the two types of networks differed, with the crossbar networks 

having higher current densities.   

At the instant a macroscopic planar electrode is polarized to a potential at which an 

electroactive species is reduced, there is a spike in current as the electroactive species in the 

immediate vicinity of the electrode is consumed.  Then, the magnitude of the current decays until 

a steady-state level is reached.  This decay in current is described by the Cottrell equation,207  

 𝑖 = 𝑛𝐹𝐴𝐶𝐷
1

2⁄ π
−1

2⁄ 𝑡
−1

2⁄          (1) 

where i is current, n is the number of electrons transferred per electroactive ion or molecule, F is 

Faraday’s constant, A is the area of the electrode, C is the bulk concentration of the electroactive 

species, D is its diffusion coefficient, and t is the time in seconds.  This equation demonstrates how 

the diffusion limited current decays as a function of the inverse square root of time as the other 

factors are constants.  Then, a plot of i vs. t-1/2 is   expected to lead to a linear regression with a 

current that approaches zero at very long times.  Even though the Ti/TiOx electrodes are 
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electrochemically active only at the conductive shunts through the TiO2 adlayer, at long times (i.e. 

small values of t-1/2) they behaved as planar macroscopic electrodes of an area that included the 

shunts and insulating part of the surface as the diffusion layers for each conductive shunt grew and 

overlapped to form one large zone from which the Cu2+ could diffuse.208  The slight non-linearity 

at long times is due to convective currents.  However, at short times, the current density was 

affected by the much smaller diffusion fields that surrounded each conductive shunt, reducing the 

effective area of the electrode.  Also, at short times, capacitive currents (non-Faradaic) contribute 

significantly to the current response as the volume of electrolyte that contributes to them are much 

larger than the diffusion layer.  However, at longer times, the capacitive currents decay 

exponentially, while the diffusion layer grows to encompass a larger volume.  So at short times, 

the current essentially represents the combined area of the each isolated shunt, and non-Faradaic 

processes, while at longer times, the current is more indicative of the diffusion-limited reduction 

of Cu2+
 at a homogeneous macroscopic planar electrode. 

Comparison of the regressions for the SWNT networks and the Ti/TiOx electrodes at long 

times provides a clear indication of the difference in electrochemical performance of the two 

systems.  The Cottrell equation assumes that planar diffusion is the only significant contributor to 

mass transport.   However, the current response of an SWNT array approximates that of an array 

of interconnected nanoscaled cylindrical nano-electrodes, where hemispherical diffusion 

dominates.  Further, although the entire electrode is conductive, the reduction of Cu2+ only occurs 

at electrochemically active defect sites.  Therefore, hemispherical diffusion is responsible for mass 

transport to these isolated active sites.  The small potential, relative to the equilibrium potential, 

applied in these studies resulted in the diffusion-limited regime not being achieved for the 

networks, resulting in a linear response curves.  Unlike the case for planar diffusion at a 



 

144 

macroscopic electrode, hemispherical diffusion is characterized by continuing growth of the 

diffusion layer, allowing each defect site to draw from an ever-expanding zone of the bulk solution.  

Then, at long times, convection currents in the solution begin to result in the increase in current 

observed for 0 < t-1/2 <1.3 s-1/2.  The effect of convective currents is more pronounced for the 

SWNT network electrodes because of their ever-expanding diffusion zone.  This situation can be 

described by the equation 

𝑖 = 𝑛𝐹𝐴𝐶𝐷
1

2⁄ π
−1

2⁄ 𝑡
−1

2⁄ + 2𝑛𝐹𝐴𝐶𝐷𝑟−1𝑙𝑛(4𝐷𝑡𝑟−2)−1      (2)          

where r is the radius of the electrode.  Then, the first term is important at very short times, when 

planar diffusion dominated, and the second term describes the steady-state current observed at long 

times, when hemispherical diffusion dominated.  As the radius of the electrode decreases to the 

nm-regime, the time is takes the second term to dominate, and thus the time to reach a steady state, 

is very short and a steady state current is observed for much of the plot.   

5.4.3 Electrochemical Growth of Nanoclusters on SWNT Networks  

The reduction of defect density in suspension processed SWNTs is an important 

consideration for their ultimate use in electronic and structural materials.  Recently, Fan and 

coworkers found that 3.5 M HCl treatments increased sidewall defect density at a rate of ~1/µm/hr 

for chemical vapor deposition-grown nanotubes, and that suspension processed arc discharge 

SWNTs had a defect density exceeding 1 per 100 nm, due to the harsh ultrasonication and acid 

treatments used to suspend and purify the nanotubes.209  In order to minimize defect density, the 

arc discharge soot used in these studies was processed using low power ultrasonic agitation for 

dispersion, followed by iterative centrifugation at low G to separate high aspect ratio SWNTs.177  

This resulted in stable suspensions of high aspect ratio SWNTs having low defect densities, while 

acid purification methods would have imparted defects that increase electron scattering along the 
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length of each SWNT, thus increasing R.  Additionally, because defect sites are preferred locations 

for nanoparticle nucleation on SWNTs, reducing the sidewall defect density increased the spacing 

between Cu2O nanoparticles to a level that allowed each to act as a discrete, tunable valve.  

Therefore, varying the ultrasonication or chemical conditions used during suspension formation 

presents a powerful opportunity to control the overall density of nanoparticles for other electronic 

applications.  Then, control over the density of SWNTs in the network and their defect density 

obviates the need to control the location of defect sites.  Additionally, inter-SWNT conduction is 

facilitated by conductive nanoparticles that fortuitously bridge such junctions.   

In order to investigate the effect of electrodeposited metal oxide nanoclusters on the Ion/Ioff 

of SWNT network-based FETs, standard lithographic methods were used to form Ti/TiOx 

electrodes on Si/SiOx substrates, so that the conductive Si could be used as a gate electrode during 

device testing.  Then, Ti/TiOx electrodes served as source and drain electrodes that were bridged 

by SWNT networks.  These FETs had a channel length and width of 300 and 100 µm, respectively.  

While methods for aligning and coating SWNTs with metals have microelectronic applications, 

the focus of these investigations was the effect of Cu2O nanoparticles on the semiconductive 

character of a network composed of a mixture of s- and m-SWNTs.  Therefore, a deposition voltage 

of 0.10 V vs Ag/AgCl and charge flow limits were used to control the size of the nanoparticles.  

The use of potentials increasingly negative of the equilibrium potential on these Ti/TiOx surfaces 

were found to increase the size of the nanoparticles until they coalesced and completely coated the 

individual SWNTs comprising the network.   

The electrode area was a 1.0 cm diameter disc that encompassed the Ti/TiOx electrodes 

(Figure 5.6a).  This was accomplished by mounting each sample in a homemade glass cell that 

housed the reference and counter electrodes.  Then, the electrochemically active area was defined 
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by the TiOx/silane electrodes and the SWNTs in the macroscopic network that bridged the 

electrodes.  A deposition charge of 16.7 mC resulted in the growth of nanoparticles on the SWNTs 

within the network that bridged the source/drain channel (Figure 5.6b).  Although they are highly 

conductive like metals, the sidewalls of SWNTs are generally inert toward electrochemical 

deposition of adsorbates.  Therefore, deposits general form via nucleation and growth at defects at 

the ends and sidewalls of the nanotubes.  On graphite, this type of preferential nucleation at defects 

has been attributed to the higher coordination provided by oxygen-containing defects.210  For 

SWNTs, the nanoclusters nucleated at defects, and then grew into nm-sized clusters having their 

size predetermined by the amount of electrochemical charge allowed to pass.  Therefore, van der 

Waals attractions existed between the nanoclusters and sidewalls, while a stronger bond, possibly 

containing a significant degree of covalent character, existed between the defect and nanoclusters.   

    The average height observed for AFM images of unbundled arc discharge SWNTs is 1.4 

nm.177 The average height observed 200 µm from the TiOx/SWNT network interface to 8.5 ±0.3 

nm.  The average size of the nanoparticles decreased to 7.3 ±0.2 nm at 2,000 µm from the 

TiOx/SWNT network interface.  Such a gradient in nanoparticle size is typically observed in 

SWNT networks,211-212 as the SWNTs acts as a collection of low-R wires, with high R at each 

inter-SWNT junction causing a drop in the electrochemical potential with distance.  Nanoparticle 

growth was not observed on isolated SWNTs or the silica substrate, indicating that 

electrodeposition is an effective manner to preferentially modify the SWNTs in a conductive 

network.   

5.4.4 Effect of Cu2O Nanoparticles on Electrical Resistance  

To determine the effect of Cu2O nanoparticles on R for low-density networks of unbundled 

SWNTs, R was measured by obtaining I/V curves in air, for the range ±0.3 V, using a 
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semiconductor characterization unit.  For all electrochemical experiments involving FETs, the 

amount of Cu2O deposited was limited by controlling the total charge allowed to flow before the 

cell was returned to Vrev., and the sample removed from the cell.  Control experiments, where R 

was measured before and after samples were immersed in the electrochemical cell and held at 

potentials near or slightly positive of the Vrev. for Cu resulted in no appreciable change in two-

terminal R or FET response. However, the magnitude of R was observed to decrease with 

decreasing deposition potential.  Two-point probe R measurements were used, as this 

configuration closely resembles that of the measurements for the FETs described below.   

The change in R was strongly affected by the overall alignment of the SWNTs in the 

network.  For a deposition potential of 0.1 V vs. Ag/AgCl, the average R decreased from 1.14 

±0.09 to 0.75 ±0.06 MΩ for the “aligned” samples when a deposition potential of 0.1 V was used.  

This represents a 34% decrease in R.  The average R decreased from 1.3 ±0.1 to 0.63 ±0.06 MΩ 

for the “crossbar” samples, corresponding to a 52% reduction in R.  The increased response of the 

crossbar samples can be attributed to the greater number of inter-SWNT junctions.   

Part of the reduction in R for both levels of alignment is attributed to the formation of 

ohmic contacts between s- and m-SWNTs in the network when nanoparticles bridged those 

junctions, reducing the Schottky barrier between the two types of conductors.  When high aspect 

ratio SWNTs were oriented orthogonally, the number of junctions increased significantly.  This 

allowed greater gains in conductivity.  The effect of the density of the nanoclusters on the two-

terminal R and FET performance of both types of networks is currently under investigation, but it 

is expected that performance gains will decrease as the density of defects on the SWNTs increases, 

since sidewall defects impede current flow in nanotubes.   
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5.4.5 Effect of Cu2O Nanoparticles on SWNT Network Field-Effect Transistors 

When the performance of “aligned” and “crossbar” samples were examined in FETs, the 

“aligned” samples had increased performance gains with respect to Ion/Ioff.  The magnitude of Ion 

and Ioff were determined at -5 and +5 V, respectively.  For the representative devices in Figure 5.7, 

a deposition charge of 2 mC was accompanied by a slight increase in Ion and a dramatic decrease 

in Ioff.  The highest increase in Ion/Ioff was observed for “aligned” networks, as it increased from 5 

to 1057, representing a 211-fold increase in Ion/Ioff.  The “crossbar” networks had a significantly 

greater initial R, and Ion/Ioff changed from 16 to 561, representing a 35-fold increase.   At higher 

electrochemical charge densities, both the two-terminal R and Ion/Ioff decreased, as the transistor 

response exhibited increasing metallic behavior for both types of networks.  It was also notable 

that the initial R was higher for “crossbar” networks, although the density of nanotubes for the two 

networks was similar.  This can be attributed to the fewer junctions that have to be traversed during 

electron transport if the SWNTs are partially aligned.  This facilitated greater gains in two-terminal 

R for “crossbar” networks after nanoparticle deposition (Figure 5.7a, b, insets). 

As un-separated SWNTs have a distribution of 1/3rd metallic and 2/3rd semiconductive, low 

density networks of unbundled nanotubes behave as semiconductors due to the lack of metallic 

pathways in the network.  However, at the higher densities used in these studies, metallic SWNTs 

formed short circuit pathways that greatly reduced the initial Ion/Ioff of SWNT network transistors.  

Then, the OFF-state current was indicative of the number of metallic pathways through the film.  

Therefore, starting with FETs that exhibited a low initial Ion/Ioff allowed confirmation of the fact 

that Cu2O nanoparticle deposition increased the Vg sensitivity of the m-SWNTs in the conductive 

pathways.   
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It is possible to controllably open a bandgap in m-SWNTs since they are not true metals, 

in fact semimetals or zero band gap semiconductors, like graphene.  Since graphene is a 2-

dimensional material, efforts to open a band gap in it have centered on reducing its one of its lateral 

dimensions and/or functionalizing its edges.213-215  However, the 1-dimensional nature of SWNTs 

simplifies the process of band gap opening and tuning.  The ability to induce quantum confinement 

effects, by the electrodeposition of Cu2O nanoparticles, which increase sensitivity to Vg essentially 

inserts a controllable valve along a conducting wire.  Therefore, while much of the SWNT 

continues to exhibit high conductivity in the presence of positive values of Vg, electrical transport 

is stopped near the nanoparticles, as expected for a p-type semiconductor.  The mechanism of this 

involves the local depletion of electron density within a few nm of the Cu2O nanoclusters, due to 

their high work function.  

The great increase in Ion/Ioff  for both types of networks indicated that metallic short circuit 

pathways in the networks were converted to semiconductive, as much of the increase in Ion/Ioff 

occurred via a greatly reduced Ioff for FETs that initially showed little response to Vg. This indicated 

that at positive values of Vg, the Cu2O adsorbates opened a band gap in m-SWNTs, and small band 

gap s-SWNTs, by locally withdrawing electron density.  This would effectively allow each 

nanoparticle/SWNT contact to act as a nanoscale valve that could be closed at positive values of 

Vg, allowing much lower magnitudes of Ion/Ioff to be achieved.   

Scanned gate microscopy studies have indicated that point defects along m-SWNTs led to 

resonant electron scattering that resulted in moderate sensitivity of the conductance of unmodified 

nanotubes to changes in Vg.
216  Further, the conductivity through defects in unmodified m-SWNTs 

has been shown to exhibit local gate dependence.  In the work described herein, local gating effect 

at defects on m-SWNTs was enhanced by the high work function Cu2O adsorbates.  Therefore, 
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when Cu2O nanoparticles were deposited on m-SWNTs, the modification of the density of 

electronic states near the defect opened a band gap in the otherwise metallic nanotubes causing a 

decrease in Ioff at positive values of Vg. 

 

5.5 Conclusions 

Forming SWNT networks on prefabricated metal electrodes using liquid deposition 

methods provides a facile route to device assembly.  This device geometry also facilitated the use 

of electrochemical methods to enhance the interfacial electron transport by the formation of 

chemisorbed Cu2O shunts through a silane monolayer to the conductive underlying Ti.  This 

provides greatly improved connections, compared to the weak van der Waals contacts that exist at 

unmodified metal/SWNT interfaces.  As self-assembled monolayers (SAMs) composed of silane 

are used as adhesion layers on SiOx surfaces, the use of metal electrodes that are terminated with 

a thin oxide layer allows the formation of a single silane monolayer that coats the entire surface.  

Then, after network formation, electrochemical methods were used to optimize the electrical 

properties of the thin films.   

For SWNT network FETs, Ion was improved by reducing R at inter-SWNT junctions and 

at interfacial contacts between the nanotubes and metal.  Metal oxide nanoclusters were 

electrodeposited onto the SWNT sidewalls resulting in the formation of numerous valves that 

allowed a much-enhanced response of the network to Vg.  This has great potential to increase the 

operating efficiency of SWNT network-based electronic device structures, as less expensive gate 

dielectrics can be used when the sensitivity to Vg is increased.  This approach also reduces the 

effect of metallic SWNTs in networks without the need for expensive processing steps to separate 

them based on their type of conductivity. 
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(a)       (b) 

                

(c)             (d) 

Figure 5.1.  Electrochemical samples consisted of (a)  Ti/TiOx, TiOx/silane, or 

TiOx/silane/SWNT samples of equal surface area; (b) representative cyclic voltammograms of the 

three surfaces showed enhanced reductive currents for the TiOx/silane/SWNT surfaces, relative to 

the TiOx/silane samples, indicating that the SWNTs facilitated the reduction of Cu; (c) i vs. t traces 

obtained at a constant potential of 0.10 V vs. Ag/AgCl, for a total of 16.7 mC of charge, displayed 

a sigmoidal shape for the TiOx/silane/SWNT samples, indicative of enhanced instantaneous and 
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progressive nucleation processes; (d) Raman microscopy of revealed that the Cu species varied 

with the nanoparticle size. 
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Figure 5.2.  Representative AFM micrograph (8×8 µm) showing nanoparticle growth on the 

Ti/TiOx surface after deposition at 0.10 V for a charge of 16.7 mC.  Each nanoparticle reveals the 

location of a conductive pinhole (low valence Ti oxide, or conductive grain boundary) through the 

dielectric TiO2 surface.  
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Figure 5.3.  Representative AFM image (8×8 µm) of the TiOx/silane samples showing how the 

addition of a silane monolayer resulted in smaller and more closely clustered nanoparticles than 

those observed on the Ti/TiOx surface.  
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Figure 5.4.  This representative AFM image (8×8 µm) of a TiOx/silane/SWNT sample shows 

that the deposition of a low-density network of SWNTs provided nucleation points for Cu2O along 

the conductive sidewalls of the nanotubes, as observed from the greatly increased density of 

nanoparticles observed.  This presents a unique opportunity to decrease the interfacial R at 

SWNT/metal electrode interfaces.   
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(a)                     (b) 

Figure 5.5.  (a) The effect of Cu nanoparticle deposition on the two terminal R of aligned (left), 

and crossbar (right) networks (schematic, not drawn to scale); (b) representative i vs. t curves for 

the two types of networks showed that when the charge allowed to pass was limited to 16.7 mC, 

the higher current densities for the crossbar networks caused them to achieve that value at 

significantly shorter times. 
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(a)              (b) 

Figure 5.6.  (a) The source/drain electrode pair, and the SWNT network between, served as the 

working electrode during the electrodeposition of various amounts of Cu2O nanoparticles at 0.10 

V vs. Ag/AgCl.  The charge was used to tune the amount of metallization that occurred; (b) sub-

10 nm sized Cu2O nanoparticles were consistently observed on the SWNTs that bridged the 

source/drain channel between the Ti/TiOx electrodes. 
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                    (a)                                                                        (b) 

 Figure 5.7.  Representative log plots showing the dependence of the change in Ion/Ioff on the 

alignment of SWNTs comprising the network revealed that (a) partirally alinged SWNTs allowed 

for reduced R and greater imporovements in Ion/Ioff than (b) orthogonally oritented SWNTs, as the 

the increase in Ion/Ioff obderved was 211- and 35-fold, respectively.  Insets: two-terminal i vs, V 

curves obtained in the range ±0.10 V showed that a greater reduction in R was achieved for 

“crossbar” networks. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

The technique of touchspinning was developed to spin fibers from almost any degradable 

or synthetic polymer solution and melt. The fibers fabricated by touchspinning exhibited a higher 

degree of crystallinity over the fibers made by conventional electrospinning. The enhanced 

physical, chemical, and mechanical properties of the touchspun aligned nanofibers was compared 

to those of electrospun fibers. Specifically, the crystallinity of the touchspun PCL nanofiber was 

much higher than that of electrospun fibers. Incorporated BSA within the touchspun fibers 

increased the expression of neuron-specific class III -tubulin compared to other scaffolds. More 

importantly, the aligned PCL touchspun nanofibers promoted aligned neurite outgrowth of NSCs, 

suggesting its potential utility in treating conditions ranging from spinal cord injury to peripheral 

nerve lesions. 

In electrospinning, the electrical force depends on the distance from the charged needle to 

the pendent droplet. Hypothetically, the touchspinning process resembles the cold-drawing method 

resulting in higher degree of crystallinity. In touchspinning, the rods on the spinneret apply a 

mechanical force to the pendent droplet and the force is uniformly and continuously applied to the 

entire length of the fiber during the fiber fabrication stage. In contrast, in electrospinning, the 

electrical force is being applied to a local point on the pendent droplet and the force is not 

uniformly applied to the points along the fiber since the electrical force depends on the distance 

from the charged needle. The high degree of crystallinity and high Young’s modulus make the 
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touchspun nanofibrous scaffolds a promising candidate for the nerve regeneration applications 

compared to the electrospun scaffolds. 

In addition, a new fiber spinning technique named gravitational-spinning was introduced 

as a modified dry-spinning method that allows for drawing free standing single ultralong micro- 

and nanofibers for various biomedical, photonics, and textile applications. In the previous drawing 

techniques, the pulling speed was not efficient for manufacturing productivity, however, 

gravitational-spinning is capable of producing ultralong nanofibers in fraction of second. The 

productivity would be enhanced if more nozzles are available to eject polymer droplets. 

Furthermore, almost all of the polymer solutions and melts can be used in this technique for fiber 

spinning and the single nanofibers can precisely be placed on the surface of the substrate during 

fabrication. 

Also, electrochemical decoration of single-walled carbon nanotubes (SWNT) resulted in 

higher performance of the field-effect transistors. The silane was deposited on the surface of the 

electrode for better adhesion of SWNTs to the electrode. This device geometry also facilitated the 

use of electrochemical methods to enhance the interfacial electron transport by the formation of 

chemisorbed Cu2O shunts through a silane monolayer to the conductive underlying Ti.  This 

resulted in greatly improved connections, compared to the weak van der Waals contacts that exist 

at unmodified metal/SWNT interfaces. For SWNT network FETs, Ion was improved by reducing 

the contact resistance at inter-SWNT junctions and at interfacial contacts between the nanotubes 

and metal.  Metal oxide nanoclusters were electrodeposited onto the SWNT sidewalls resulting in 

the formation of numerous valves that allowed a much-enhanced response of the network to gate 

potential.  This has great potential to increase the operating efficiency of SWNT network-based 

electronic device structures. This approach also reduces the effect of metallic SWNTs in networks 
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without the need for expensive processing steps to separate them based on their type of 

conductivity. 

 

6.2 Future Work 

 Regarding the effect of BSA on the neural differentiation more analysis is needed to figure 

out the activity of BSA in chloroform before and after fiber spinning using two techniques of 

touchspinning and electrospinning. The results from circular dichroism, UV-vis, SDS-PAGE, and 

FTIR might show better understanding of the effect of BSA on neural differentiation. BSA solution 

before and after electrospinning need to be analyzed via UV-vis and circular dichroism to figure 

out whether the high voltage denatured BSA or not. Also, contact angle measurements may give a 

better understanding about the location of BSA in the fiber. Since BSA is hydrophilic and PCL is 

hydrophobic, the contact angle may differ on these two surfaces, therefore, better understanding 

of the surface will be obtained. 
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