
 

ABSTRACT 

CANBOLAT, MEHMET FATIH. Functional Electrospun Nanofibers for Biocatalysis and 

Tissue Engineering. (Under the direction of Dr. Behnam Pourdeyhimi and Dr. Saad A. 

Khan). 

 

Significant scientific and technological developments in today’s world require a 

broad knowledge base and utilization of an interdisciplinary approach. Integrating multiple 

disciplines has opened up new possibilities such as tissue engineering and biocatalysis, which 

stemmed from the collaboration of physical and life sciences. Nanotechnology is another 

topic of interest that uses an interdisciplinary approach to solve problems that are 

encountered in various fields. Electrospinning, electrostatic spinning of polymeric solutions 

or polymer melts, is a promising technology used for the production of nanofibers. Due to the 

unique characteristics of nanofibers, electrospinning has gained popularity in many fields 

such as tissue engineering, biocatalysis, filtration, energy, and sensing.. The overall objective 

of this work is to produce electrospun nanofiber biocomposites containing immobilized live 

cells and to improve the functionality and performance of these structures.   These novel 

fibers may be used for applications in tissue engineering and biocatalysis. We studied two 

polymer systems, poly(vinyl alcohol) (PVA) and poly-(caprolactone) (PCL), two cell lines 

(3T3-L1 and yeast cells), and four electrospinning techniques (cell electrospinning, cell 

layering, single needle electrospinning, and coaxial electrospinning).  

In the first part of this study, we investigated the feasibility of using cell 

electrospinning, cell layering, and coaxial electrospinning with 3T3-L1 mouse fibroblast cells 

for the production of nanofiber biocomposite structures. While cell electrospinning deemed 

too stressful of a technique for the cells to survive, cell layering served as a promising 

technique for producing nanofibrous structures containing active cells. Upon further 



 

investigation, we determined the reason behind cell death in the cell electrospinning process 

was dehydration and fiber stretching. In the second part of this study, we tried to immobilize 

live yeast cells into electrospun nanofiber structures using cell electrospinning, cell layering, 

and coaxial electrospinning techniques. Additionally, an assessment of electrospinning 

process parameters, cell viability, and cell functionality after electrospinning was carried out. 

Nanofiber structures containing viable cells were obtained from all three electrospinning 

methods. Functionality of the biocomposite structures was tested using the eGFP expression 

test which provided promising results in whole-cell biocatalyst immobilization.  

In the last part of this study, we examined the effects of the nanofiber composition, 

solvent type, and layering method of nanofibrous materials on the propagation of 3T3-L1 

mouse fibroblasts over 3 days. Statistical analysis was performed with SAS software 

program using P-values less than 0.05 considered as statistically significant. The best 

scaffold structure was produced using a high concentration of three ECM materials (matrigel, 

fibronectin, and collagen, (MFC)) with a PCL – HFIP polymer system and double layering 

approach. 
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1. INTRODUCTION 

Electrospinning has become a popular method in fiber production due to increased 

interest in nanofiber technology [1, 2]. Electrospinning involves the application of a high 

voltage to induce the formation of a liquid jet of polymer solution to form non-woven 

nanofibers, typically with diameters ranging between 10 to 500 nm, significantly smaller than 

a human hair. Electrospun nanofiber mats have been used for many application fields 

including filtration, energy generation, sensing, etc. [1, 3, 4]. Increased functionality has been 

obtained by adding biomolecules such as proteins, enzymes, and cells into nanofibrous 

structures. Such biocomposite materials have potential in a wide variety of biomedical 

applications. In particular, we are interested in incorporating live cells into electrospun 

nanofibrous structures for potential applications in tissue engineering and biocatalysis. The 

overall objectives of this work is to investigate the fundamental scientific issues pertaining to 

(i) immobilizing live cells in electrospun polymer nanofibers and (ii) evaluating factors that 

could affect cell viability and functionality to improve methods producing biocomposites 

containing live cells.  

The use of polymeric materials in tissue engineering applications which supports the 

proliferation, differentiation and development of viable mammalian cells into a desired tissue 

in vitro are of considerable interest. Such materials, scaffolds, must provide structural 

support and interactions that direct cell growth [5-7]. Ideally, the scaffold material would be 

biocompatible, porous with high surface area, fully biodegradable or absorbable, similar in 

mechanical properties to the target tissue, and sterilizable [3, 8, 9-20]. Nanofibers are 



 

 

3 

considered especially promising for tissue scaffolds because their size scale mimics the 

extracellular matrix [21]. Nanofibrous materials produced by electrospinning have a 

combination of unique properties that mimic the extracellular matrix including: high surface 

area to volume ratio, pore interconnectivity and 3D fiber network structure [22, 23]. 

Electrospun nanofibers have been studied as potential scaffolds for engineered cartilage, 

bone, arterial blood vessel, heart, nerve, and skin tissues [11, 24-27]. However, there are two 

major obstacles when using electrospun structures as tissue scaffolds: insufficient thickness 

and small pore sizes, which hamper vascular ingrowth [28], cell migration [29] and 

proliferation. Direct incorporation of cells into nanofiber during electrospinning (cell 

electrospinning) and entrapment of cells into nanofiber mat layers (cell layering) would 

provide homogenous cell distribution within the nanofibrous mat structure and overcome 

pore size limitations of electrospun nanofibers. Therefore, the first goal of this study is to 

produce biocomposite nanofiber structure containing mammalian cells by two newly 

developed electrospinning techniques. 

Another field in which immobilization of cells into nanofiber structures may prove 

useful is biocatalysis. Immobilization of biocatalysts, such as enzymes and cells, offers 

inherent advantages: increased stability, ease of separation of the products so the catalyst can 

be reused, and lack of product contamination. However, immobilization can also decrease the 

activity of the biocatalyst, and the structure of the support material greatly affects the 

performance of the immobilized catalyst. Electrospun material provides a promising support 

material for entrapment of biocatalysts as the small size scale would minimize mass transfer 

limitations. Although immobilized enzymes have been used in industrial applications, in 
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some cases use of immobilized microbial cells may be preferred due to reduced cost and 

increased stability. Thus, the second goal of this project is to electrospin polymer/microbial 

composite nanofibers. 

In both tissue engineering and biocatalysis application, the viability of the cells in the 

nanofiber is critically important in producing functional materials; therefore, the third goal of 

the project is to evaluate cell viability of both mammalian and microbial cells once 

incorporated into the nanofibrous structures. To further understand how the cells are affected 

by the electrospinning process the fourth goal of this project is to determine how process 

parameters such as solvent evaporation, application of an electric field, etc., affect cell 

viability. Along the same vein, the final goal of this project is to test the effects of the 

material composition, concentration, and layering of nanofibrous materials on cell 

propagation for mammalian cells. A systematic understanding of how the cells are affected 

during electrospinning may help develop alternative methods for production of composite 

materials containing cells with improved viability. 

The layout of the dissertation is as follows. In the remainder of this chapter, we 

discuss pertinent background, experimental materials and methods. Chapter 2 focuses on a 

systematic study of incorporation of mammalian cells into nanofibrous webs using two 

different approaches, direct cell electrospinning and cell layering. We examine how different 

stages of the electrospining process affect cell viability. In Chapter 3, we study on 

immobilizing yeast cells into electrospun nanofiber mat structures with cell electrospinning 

and vapor phase crosslinking, cell layering, and coaxial electrospinning. Also, we examined 

the functionality of yeast cells following mentioned electrospinning processes with eGFP 
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expression test. Chapter 4 addresses the effects of ECM materials (matrigel, fibronectin, and 

collagen) incorporation, and layering on mammalian cells propagation over course of time. 

We statistically analyzed the effects of various treatments and their interactions with each 

other. Finally, overall conclusions and recommendations for future work are presented in 

Chapter 5. 

2. LITERATURE REVIEW 

2.1 Electrospinning 

Electrospinning is the electrostatic spinning of polymer solutions and melts [3, 30, 

31]. It is a multipurpose, cost-effective way of spinning that provides rapid formation of 

fibers [10]. While electrospinning involve drawing of the polymers out of spinneret like gel 

spinning, melt spinning, dry and wet spinning, it produces fibers ranging in diameter from a 

few microns to tens of nanometers unlike those conventional spinning techniques [10, 32, 33, 

34]. The polymer solution or melt is fed out of the capillary by a positive displacement pump 

and a high-voltage electric field is applied which generates charges in the pendant drop of the 

polymer liquid at the nozzle. With increasing electrostatic forces, the droplet forms a conical 

shape (a Taylor cone) and a fine liquid jet ejects from its apex towards the collector. The 

liquid jet is stretched and whipped resulting in a long and thin fiber [35]. Electrospinning 

works not only for natural and synthetic polymers, but also for copolymers, polymer-polymer 

blends, and polymer-non-polymer blends [36]. The electrospinning apparatus consists of 

three major components – a spinneret, a collector and a high voltage power supply (Figure 1) 

[30, 37, 38]. Generally, the spinneret consists of a syringe pump, a syringe, and a needle. The 
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collector is usually grounded and set up facing the syringe needle, and the two are connected 

by the high voltage power supply instead of using conductive solutions [39]. Further details 

on electrospinning have been published in several monographs and the interested reader is 

referred to these studies [40-61]. 

The unique properties of electrospun nanofibers render them useful in many 

applications by bringing enhanced material properties and functionalities. Although there are 

other methods available in the literature to produce nanofibers such as phase separation, self-

assembly, freeze drying, and solvent casting/particulate leaching, electrospinning is accepted 

as the most simple and efficient one [21, 62-64]. Capability of producing high specific 

surface area and high porosity mats, simplicity and versatility of the method, cost 

effectiveness, rapid fiber formation, interconnected porous structure, reproducibility, and 

capability of continuous fiber formation make electrospinning indisputably a preferred 

method in nanofiber production. When compared with electrospinning, aforementioned 

nanofiber fabrication methods hardly seem to meet the desired expectations such as 

flexibility and functionality even for laboratory scale studies. Basically, typical drawbacks of 

the methods can be sorted out as long time requirement of phase separation, low productivity 

of self-assembly, the use of organic solvents with freeze-drying and solvent 

casting/particulate leaching, and complicated mechanism of all these methods [65]. On the 

other hand, solvent based electrospinning also has some disadvantages such as having low 

production rate and leaving solvent residues after process. In order to overcome these 

hindrances and make industry scale production available, several new nanofiber production 

methods such as meltblowing, meltspinning, melt-electrospinning, needless electrospinning 
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have been invented [66-69]. However, other than needless electrospinning none of them 

seem to be a complete alternative for traditional electrospinning process because of the 

applied heat treatments during the production which might cause limitation for the 

incorporation of a broad spectrum of molecules into nanofiber structures; i.e., inorganic 

molecules, proteins, live cells, heat sensitive materials [70].  

On the quality of the end product, several factors are affected on an electrospun web. 

These can be categorized under three groups: polymer solution parameters, processing 

condition parameters, and ambient condition parameters [30, 37, 39, 40]. It was 

experimentally understood that viscosity, elasticity, conductivity and surface tension are 

apparent polymer solution parameters that have particular effects on the processibility and 

the molecular formation of a polymeric structure. Additionally it was realized that under 

different process conditions such as applied voltage, distance between the needle tip and 

collector, needle diameter, flow rate, and collector type, morphological and physical 

characteristics of the electrospun nanofibers may change significantly [1, 23, 33, 71]. Lastly, 

some research studies showed that ambient conditions such as humidity and temperature 

have effects on the properties and uniformity of the end product [32, 72, 73]. 

In terms of versatility of the process, electrospinning is able to produce polymeric, 

ceramic, and composite nanofiber mats [4]. Among these, the most commonly used materials 

are polymers. And there have been numerous studies about the effects of polymer solution 

parameters on electrospinning. Larger surface tension typically indicates increased difficulty 

in jet formation which leads the formation of beaded structures and jet breakup into small 

droplets during the process [34, 74, 75]. Viscosity also plays an important role in the 
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production of uniform, bead-free nanofiber structures. While low viscosity polymers prohibit 

the formation of nanofibers by breaking up polymer jet into droplets, high viscosity polymers 

induce the formation of beaded structures and polymers with viscosities above fiber-forming 

limit again prohibit fiber formation [76-78]. There have also been reports that there is a 

positive correlation between high viscosity and larger fiber diameters [39, 40, 79]. Studies 

have also found that fiber diameter increases with increasing molecular weight [39, 80]. 

Researchers also realized that changes in conductivity of the polymers by adding acids, 

bases, salts, water, alcohol or some other additives can greatly affect the fiber morphology 

and spinnability. Except a few exceptions there is a significant drop in the fiber diameter with 

increased conductivity of the polymer solution [40, 81]. In addition to this, some other 

researchers have been found that it is possible to produce bead-free, uniform nanofibers by 

increasing the conductivity of the polymer solution [40, 82, 83]. A few studies have 

examined the relationship between humidity and fiber diameter but found no distinctive 

relationship [32, 74, 75, 84, 85]. In fact, the role of humidity on porous fiber formation is one 

of the poorly investigated area [34, 40]. 

In terms of its scope, electrospun nanofibrous structures are being considered for a 

variety of applications including, filtration, coating, tissue engineering, lightning, biological 

marker, electronics, energy, biocatalysis, drug delivery, protective clothing, wound dressing, 

construction of composite structures, multifunctional membranes, artificial organs, and 

biosensors [34, 85-89]. There are many reasons for nanofiber structures to be preferred and 

used in such a broad application areas, i.e., small fiber size, high porosity, interconnected 

porous structure, flexibility and versatility of the nanofiber materials, and capability to embed 
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various functional additives into nanofibers. In the field of tissue engineering, nanofibers 

mimic the structure of ECM (Extracellular Matrix), whereas in biocatalysis they have the 

ability to provide high density cell attachment with small fiber size.  

2.2 Tissue Engineering 

The smallest living structural and functional unit that is found in all living organisms 

is called a cell [90, 91]. When a group of cells coming together to execute the same or similar 

functions then they are called as tissue [92]. Tissues are mainly divided into four groups, 

epithelium, connective tissue, muscle and nervous tissue.  Among them, the most important 

one is connective tissue which behaves as a decision maker and provides framework of the 

body. These tissues aggregate and form organs and organisms. Thus, in order to comprehend 

interactions and formations of living structures in microscopic level and generate some 

engineering solutions to growing cells for repairing or replacing the malfunctioned parts of 

the body, tissue engineering (TE) studies were undertaken in the 20
th

 century, but was gained 

popularity in the past twenty years [7]. TE as a reconstructive surgery and regenerative 

medicine promotes prolonging and enhancing the quality of human life [18, 19]. It is a 

technique that attempts to replace tissue or organ transplantation by restoration and 

reconstruction of imperfect tissues (Figure 2, [38]) [5, 6, 20].  

TE consists of three major components: cells, scaffolds and signals [7]. Scaffolds are 

the structures that cells adhere to and use as a template to grow and divide on, and in some 

cases, to differentiate into specific tissues [93, 94]. The main purpose of the scaffold is to 

provide a suitable platform for cells to adhere, grow, migrate, and differentiate in vitro and 
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repair defects with guiding tissue development in vivo [95]. The ideal scaffold material 

would posses biocompatibility, biodegradability, reproducibility, capability of carrying 

biomolecular signals, high porosity, low immunogenicity, non toxicity, large surface area to 

volume ratio, optimum fiber size and good mechanical properties [9, 65, 71, 96, 97], and thus 

would resemble the natural extracellular matrix (ECM) [98, 99] and be biomimetic in their 

physical and chemical properties [19, 21]. Extracellular matrix (Figure 3, [100]) is the 

structural support for the animal cells which holds cells together. It is located between 

connective tissue cells, which regulates the shape and activities of the cells, gives tensile 

strength and elasticity to the cells, and sequesters the cellular growth factors which are 

important in cell propagation [98, 101, 102]. In order to provide a good living environment 

for sensitive cells to grow and thrive, the material compositions and fabrication methods play 

vital roles [14, 16, 97]. There are basically five types of scaffold materials available in 

practice; metals, glasses, ceramics, biocomposites and polymers. Polymer scaffolds have 

superior properties such as easy processing, suitable pore morphology, satisfactory and 

adjustable mechanical properties, bioresorbable and biodegradable characteristics [7]. 

Although in the literature, there is no direct comparison available on defining best 

scaffolding technique, there is information about properties of scaffolds that provide better 

framework for cell culturing and proliferation. According to this information, high porosity, 

large surface to volume ratio, good mechanical strength, and small fiber diameter are 

expected properties of scaffold structures [20]. 

Electrospinning is a promising technique for the production of tissue engineering 

scaffolds [1, 4]. Polymer based electrospun nanofibers have gained recognition in tissue 
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engineering field as a satisfactory scaffold structure based because of their high surface area 

to volume ratio, pore interconnectivity and 3D fiber network structure similar to natural 

extracellular matrix (ECM) [3, 10, 22, 65]. Some other advantages of electrospinning include 

process simplicity, inexpensive handling costs, versatility in material selection, continuous 

fiber production and mat thickness control over time [22, 65]. Following the success of the 

first tissue scaffold prototype, there were numerous studies performed primarily to compare 

different materials, to analyze the effects of different process conditions on scaffold structure 

and performance, and to produce aligned scaffold structures [10, 23, 24, 35]. Electrospun 

nanofibers have been studied as potential scaffolds for engineered cartilage, bone, arterial 

blood vessel, heart, nerve, and skin tissues. However, there are two major obstacles when 

using electrospun structures as tissue scaffolds: insufficient thickness and small pore sizes, 

which hamper vascular ingrowth [28], cell migration [29] and proliferation. Cells (bacteria, 

virus, and mammalian cells) have been successfully incorporated into electrospun nanofibers 

using both single needle electrospinning and coaxial electrospinning [102-105]. However, 

previous reports indicate that a large number of cells are incapacitated during electrospinning 

[105], yet the reason for cell death remains unconfirmed. In this study by applying two newly 

developed electrospinning technique we tried to find solutions to eliminate aforementioned 

obstacles and to improve cell proliferation rates.   

Physical, chemical and biological characteristics of the electrospun scaffolds are 

largely dependent to the material itself and its composition. Hydrophilicity, toxicity, 

biocompatibility, biodegradability, specific cell interactions, tensile properties and many 

other characteristics can be adjusted by the use of suitable type of material. Even though 
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materials used for scaffolds include a variety of polymers, synthetic polymers, copolymers 

and polymer blends, they are limited in their numbers because of the requirement criteria 

[36].   

2.2.1 Natural Polymers 

Natural polymers have some advantages over synthetic polymers as they typically 

have better biocompatibility, biodegradability and immunogenicity properties. Natural 

polymers can be classified under four main groups: protein fibers, polysaccharides, DNAs 

and lipids. Most commonly used protein fibers are collagen, elastin, gelatin and silk fibroin. 

Most common polysaccharides are hyaluronic acid, dextran, chitosan, cellulose, cellulose 

acetate, and starch. Collagen is the most widely used natural protein fiber, which is the 

primary element of the ECM (Extra cellular matrix) whose three types, I, II and III can be 

fabricated into a scaffold with electrospinning technique. Gelatin is another natural polymer 

that is extracted from collagen with acidic and alkaline processing tecniques. One of the 

polysaccharide, chitosan, is the natural derivation of the chitin that is obtained by the alkaline 

deacetylation of it. Hyaluronic acid as a polysaccharide, is found in connective tissues of the 

body but has a very high viscosity that prevents it from being electrospun. In order to 

perform electrospinning of hyaluronic acid blowing assisted electrospinning technique, 

which is developed for the purpose of electrospinning of high viscosity polymers can be used 

[20, 36].  
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2.2.2 Synthetic Polymers 

Like natural polymers, synthetic polymers have their particular advantages stemming 

from their processing techniques. They have predictable lot-to-lot uniformity, reproducibility, 

cost effectiveness and ―unlimited‖ production capabilities.  Apart from natural polymers, in 

order to be used as a scaffolding material, synthetic polymers’ biocompatibility and 

biodegradability properties are much more determinative. Synthetic polymers are categorized 

under two main groups, hydrophobic biodegradable polymers and hydrophilic biodegradable 

polymers. Most commonly used hydrophobic biodegradable polymers are polyester 

derivatives that includes poly (glycolic acid) (PGA), poly (lactic acid (PLA), and poly (ε-

caprolactane) (PCL). Hydrophilic biodegradable polymers are polyurethane, poly (vinyl 

alcohol) (PVA), poly (ethylene oxide) PEO, and polydioxanone. Although PLA is one of the 

most common polymers for tissue engineering applications, it is preferred to use in a 

copolymer form.  

2.2.3 Synthetic Copolymers 

It is possible to improve the overall properties of scaffolds by using copolymers as a 

raw material. For instance, one polymer may have better tensile properties and other may 

have better biocompatibility and after copolymerization both biocompatible and strong 

structures can be produced. Most common synthetic copolymers that are used and show good 

results are poly (l-lactide) (PLLA), poly (l-glycolide) (PLGA), poly (l-lactide-co-d,l-lactide) 

PLLDA, poly(lactic acid-co-ε-caprolactone) P(LA-CL), and poly(l-lactic acid-co-ε-

caprolactone) P(LLA-CL). PLLA is a semi crystalline, hydrophobic polymer whose Tg is 



 

 

14 

60–65°C and Tm is 175–178°C. It has high strength, high modulus and low elongation 

properties, as well. PLGA copolymer is the combination of PLLA and PGA units that has 

less crystallinity and faster degradation than that of homopolymers [20, 36]. 

2.2.4 Polymer Blends 

Among all alternative materials maybe the best one is polymer blends. Although they 

are very similar to copolymers they are more advantageous as they are not limited to suitable 

configuration availability. Natural to natural, synthetic to synthetic, and natural to synthetic 

polymeric blends can be electrospun. Among them natural to synthetic polymer blends are 

considered to present better performance characteristics. Biological compatibility from 

natural polymers and physical endurance from synthetic polymers may provide desired 

polymeric structure for cell culturing and growing. While collagen-elastin blend is one of the 

good examples for natural to natural polymer blends, PLGA-dextran blend can be given as an 

example of synthetic to natural polymer blends [36].  

2.3 Biocatalysis 

Biocatalysis is the commercial realization of specialty products by using natural 

catalysts, enzymes or whole cells, to build sustainable economy with reduced dependency on 

petroleum based products [106, 107]. Enzymes and whole-cell biocatalysts (Figure 4) [106, 

108] are currently attracting increasing attention. They offer greener, environment friendly 

reaction conditions; higher chemo-, stereo-, enantio-, and regioselectivity which makes 

outcome of a given reaction selective, predictable and feasible; higher efficiency; and 

decrease in required production steps and associated waste generation [107, 109-113]. 
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Because of their superior properties, biocatalysts can be utilized in many application fields 

including bulk and specialty chemicals, drugs, foods, plastics, biosensors, personal care 

products, textile products, waste processing products, and many others (Figure 5, [114]) 

[110, 115, 116]. However, direct use of biocatalysts in reactions does not give desired 

catalytic efficiency and is not economical most of the times. In order to use biocatalysts on 

an industrial scale, immobilization of biocatalysts is required. Immobilization offers inherent 

advantages including: convenient handling, continuous processing, cost effectiveness, 

efficient recovery and reuse of the biocatalysts, and elimination of product contamination 

[107, 117, 118-121]. 

Immobilization means the stabilization of the biocatalysts by limiting their freedom 

of movement which enables multiple reuse of biocatalysts [121-123]. The main 

immobilization techniques for biocatalysts are adsorption, covalent binding, entrapment, 

encapsulation, and crosslinking as can be seen in Figure 6 [121]. Among these 

immobilization methods major loss of biocatalyst activity is seen in covalent binding [116, 

124]. In covalent binding, biocatalysts are seeded into a porous matrix and covalently 

tethered to the matrix. In adsorption, biocatalysts are adsorbed the internal surfaces by 

electrostatic or ionic charges [125]. While adsorption is a simple, cheap, and fast method, it 

shows leakage due to weak binding between biocatalyst and substrate, and absence of reagent 

use [125-127]. Crosslinking is best when working in conjunction with one of the other 

methods which uses the most common reagent glutaraldehyde [128]. Entrapment, which 

have highest immobilization cost among others [129], is mostly used for waste water 

treatment purposes. In the process slow growing cells and sensitive cells are used and they 
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are entrapped into synthetic polymers which are known as hydrogels [126]. The best way to 

immobilize a biocatalyst with a minimum loss of activity and minimum effect on the 

structure is the encapsulation by sol gel technique or electropinning [105, 130]. 

Because of their long term stability, easy preparation, and eco-friendly use in 

biocatalaysis, whole cell biocatalyzing has been attracting much attention for more than a 

century [131-142]. However, in order to get desirable results from cell immobilization, the 

selection of the immobilization technique plays crucial role to provide higher catalytic 

efficiency by means of carrying higher cell densities on to a substrate [131]. While there is 

no ideal method, the structure of the support material greatly affects the performance of the 

immobilized biocatalyst. Nanofibrous structures are promising for biocatalyst immobilization 

due to their large surface area for obtaining high cell density, durability and ease of 

separation, and fine porous structure. Moreover, nanofibers also provide reduced diffusion 

resistance for biocatalysis, simultaneous separation, and wide selection of polymer type [143-

149]. 

The use of whole cell biocatalysts (Figure 7, [150]) in bioengineering applications 

instead of enzymes started gaining popularity in recent years due to simplicity, reduced 

processing cost, improved stability under processing conditions [13, 14, 123, 131-134]. 

Additionally, whole cell biocatalysts provide necessary co-factors for complex enzyme-based 

reactions [134-136]. On the other hand, immobilized enzymes have some limitations such as 

longer time requirement for enzyme purification, unstable characteristic of enzyme out of 

natural environment, and easy denaturation under processing conditions [13, 14, 123, 134]. A 

wide range of cells or organelles from animal, plant, and microorganisms can be utilized as 
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biocatalysts [114, 119, 121, 123]. Microorganisms are generally preferred because of their 

ease of use, versatility, and rapid growth rate [121, 137]. The most commonly used 

microorganisms in biocatalyzing are Escherichia Coli, yeast, certain species of fungi and 

some other bacteria [121, 137-139]. We are interested in immobilizing yeast cells for 

potential applications in the production of distilled beverages and fuel [139-142, 151], 

removal of surface-bound metals such as uranium for water remediation [152, 153], and 

biosensors for toxicity detection [154]. Additionally, yeast cells are used in many industrial 

applications including food, beverages, bioengineering, pharmaceuticals, chemicals, and 

energy [155]. In the initial stage of our study, we propose to start with Saccharomyces 

cerevisiae, most widely used yeast cells, as a result of its unique properties such as easy and 

rapid growth capability, high resiliency as a result of double cell wall, and its specific rate of 

fermentation and sugar uptake rate [141, 142, 151-155]. Depending on the viability test 

results, we will use other functional yeast cell types in our study for different application 

purposes towards problem solving and efficiency enhancement, as well. 

3. MATERIALS & METHODS 

3.1 Materials 

3.1.1 Poly (vinyl alcohol) – PVA 

Poly (vinyl alcohol) (PVA) is a special water soluble polymer (Figure 8) which 

cannot be produced by the polymerization of corresponding monomer unlike many other 

polymers due to instability of the vinyl alcohol which suddenly forms the acetaldehyde [156, 

157]. It is manufactured by hydrolysis of polyvinyl acetate in ethanol with potassium 
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hydroxide and by saponification reaction. Following addition of saponification agent PVA is 

precipitated, washed and dried for end use. Hydrolysis takes place in the presence of 

anhydrous sodium methylate or aqueous sodium hydroxide by ester interchange with 

methanol in vinyl acetate with the hydroxyl group. When complete hydrolysis reaction 

occurs, acetate groups are removed from the PVAc molecules and resulting product shows 

high solubility in water and insolubility in almost all organic solvents. However, incomplete 

removal of the acetate groups produces less water soluble and more organic solvent soluble 

PVA polymers [158, 159]. Physical properties and specific use of PVA is determined by the 

degree of hydrolysis and the degree of polymerization [156, 157, 160, 161]. It is white, 

tasteless, odorless, nontoxic and biodegradable powder which is mostly used to produce PVA 

films for packaging industry [158, 162]. Other than packaging they are widely used in the 

manufacturing of adhesives, emulsifiers, thickeners, gelling agents, cosmetic ingredients, 

paper and textile treatments [157, 158, 161, 163]. Moreover, polyvinyl alcohol as a raw 

material used to manufacture polyvinyl acetals by reacting with aldehydes and acid catalysts. 

Polyvinyl formal (PVF) which is produced by the reaction of PVA and formaldehyde and 

polyvinyl butyral (PVB) which is outcome of the PVA and butyraldehyde reaction are 

examples of this polymer family [157, 158, 161]. PVA was chosen in this study because of 

its biodegradability as well as water soluble property [164] which enables us to analyze 

viability of the cells after electrospinning by dissolving the fiber mat in a growth medium. 

  

3.1.2 Poly (ε-caprolactone) – PCL 

Poly (ε-caprolactone) (PCL) is a linear, hydrophobic, biodegradable, semi-crystalline, 

aliphatic polyester which is manufactured by ring-opening polymerization of ε-caprolactone 
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using ethylene glycol or stannous octoate as a catalyst (Figure 9) [165-171]. It can be 

synthesized by the polymerization of ε-caprolactone with cationic, anionic or coordination 

catalysts [169, 172]. It has relatively low melting point (~60˚C) and glass transition 

temperature (~-60˚C) with flexible chain, high elongation at break and low modulus [166-

169]. While it is not soluble in diethyl ether, aliphatic hydrocarbons, and alcohols, it is 

soluble in cyclohexanone, 2-nitropropane, and chlorinated and aromatic hydrocarbons. 

Increase in molecular weight yields decrease in the crystallinity of the polymer [172]. 

Because of the presence of hydrolytically unstable aliphatic-ester linkage it can be degraded 

by hydrolysis. In case of copolymerization or blending with glycolide and lactide, decrease in 

mechanical properties and increase in degradation rate is obtained [167, 169, 171, 172]. It 

was shown with in vivo animal tests that PCL exhibits negligible toxicity and influence on 

the function of host tissue and cells [169, 173]. Applications of PCL polymer include 

agricultural films, tree planting containers, coatings, elastomers, additives, and a number of 

biomedical applications such as wound dressings, drug delivery systems, scaffolding, 

repairing soft and bone tissues, sutures, and some others [167, 169, 171]. We preferred to use 

PCL polymer in the formation of electrospun nanofibers in this study because of their 

biocompatibility and non-toxicity properties and their slow degradation rate [3, 174-176]. We 

used three solvent system to dissolve PCL polymer including, 30/70 (w/w) N, N-

dimethylformamide (DMF) / chloroform mixture, acetone, and hexafluoroisopropanol 

(HFIP) with 13%, 13%, and 10% weight percentages, respectively.   
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3.1.3 Yeast Cells 

Yeast cell, which is classified under eukaryotic cell umbrella, is recognized as 

unicellular fungi, used synonymously with Saccharomyces cerevisiae, and referred as first 

domesticated organism in most of the literature. Although it is believed there are many yeast 

species available, only around 700 of them were described till now [155, 177, 178]. Among 

those yeast species, S. cerevisiae was known better and used synonymously with yeast cell as 

a result of its functionality in baking bread, making beer and wine for thousands of years. 

However in the last few decades starting from 1950s many studies about yeast cells 

enlightened researchers about yeast cell life cycle, genetic codes, physiological and 

metabolic structure, protein traffic, gene expression control and some others; thus studying 

with other yeast species and progress in cell and molecular biology were rendered possible 

by contribution from those studies [177].   

Yeast cell structure comprises many functional components which are assembled 

under three main classes; cytoplasm, organelles, and cell envelope. Looking from inside out, 

cytoplasm and organelles are surrounded by cell envelope which consists of plasma 

membrane, periplasmic space, and double cell wall. While cytoplasm contains ribosomes and 

plasmids in intracellular fluid, organelles consist of nucleus, mitochondria, Golgi apparatus, 

endoplasmic reticulum, and vacuoles [155, 177, 179]. Structural macromolecules of yeast 

cells especially found in the cell wall are proteins, polysaccharides, lipids and nucleic acids 

[155]. Also in some of the literature composition of cell wall is stated as glycosylated 

glycoproteins (mannoproteins), two types of β-glucans, and chitin [177, 179-181]. The 

thickness of cell envelope components were given in Yeast Physiology and Biotechnology by 
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Walker as 7.5 nm for plasma membrane, 3.5-4.5 nm for periplasmic space, and 100-200 nm 

for the cell wall [155]. According to elemental analysis result of yeast cell performed by 

Berry, it has carbon, hydrogen, oxygen, nitrogen, phosphorus, sulphur, potassium and 

magnesium elements which play important roles in structural and functional activities of 

yeast cells [182]. The reproduction of yeast cells is called as budding which is asexual 

reproduction (Figure 10, [183]) and based on new organism growth on another one. Daughter 

cell remains attached to mother cell till the end of mitosis with nucleus and other organelles 

migration. But studies in yeast technology revealed there are two more reproduction modes 

available for some yeast species, fission which is basically two equaled-size cells formation 

and filamentation which is defective cell formation [155].  

Today it is possible to see use of yeast cells in many biotechnological applications, 

including; food, beverages, chemicals, pharmaceuticals, agriculture, environmental 

engineering and medicine as can be seen in Figure 11 [155]. Another important utilization 

area for yeast cell is obtaining purified proteins and peptides of therapeutic value which are 

difficult to obtain from human and animal sources. By means of recombinant DNA 

technology it is possible to clone coded DNA sequences into yeasts and continue to produce 

necessary compounds in an inexpensive way from these living factories. Most secreted 

eukaryotic proteins are glycosylated and glycosylation helps ensure the correct folding of 

proteins and protects them from proteolytic enzymes; so that glycosylation is very important 

for eukaryotes which mean the addition of oligosaccharide units to a protein.  

Most commonly consumed compound for yeast cells for their carbon and energy 

supply is sugars in glucose form so that they can grow and better culture in glucose based 

growth mediums. For routine short term laboratory strains, traditionally yeast extract, 
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peptone, glycerol, and ethanol based YEPG or yeast extract, peptone, and dextrose based 

YPD media are used [155, 184, 185]. Studying with yeast cells are preferred in many cases 

since they provide several advantages; easy cultivating capability, relative quick propagation 

rate possibility, convenience for mass production, easy tractability for genetic mapping and 

so and so forth [177].  

3.1.4 3T3-L1 Mouse Fibroblast Cells 

They are cloned cell lines produced from disaggregated Swiss mouse embryos which 

are known as mouse fibroblast cells. In order to understand the mechanism of adipogenesis in 

vitro, the formation of adipose tissue, scientists studied with many different types of cells 

which have capability to differentiate into adipocyte and among them the best characterized 

cell line was found as 3T3-L1 mouse fibroblast cells [186]. Although they have fibrolastic 

phenotype under normal conditions, they adopt a rounded phenotype and within several days 

begin to store lipids inside the cell in the form of lipid droplets under suitable conditions such 

as the addition of glucocorticoids and insulin [187]. Green and Kehinde [186] found out that 

large amounts of triacylglycerol (TAG) biostynthesis occurred during stimulus-induced 

differentiation of the cells into mature adipocytes. These cells have been used widely to 

better understand the biochemical pathways of adipogenesis [188]. Like other 3T3 cells they 

can synthesize and secrete collagen and hyaluronan [189]. We used 3T3-L1 mouse fibroblast 

cells in our studies since they are very good alternative to human fibroblast cells and 

invaluable tools from a research perspective which have adipogenic differentiation capability 

into preadipocytes and adipocytes when treated with proper biomaterials. Also the ease and 

continuous culturing capability, ability to show different physiological characteristic and 
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stimuli responses than primary cell cultures (which may have some defects or diseases) make 

them perfect candidate for our study. For culturing 3T3-L1 mouse fibroblast cells in our 

studies we seeded 250,000 cells into T-75 flask with the 20 ml combination of Dulbecco’s 

Modified Eagle’s Medium (DMEM) with HEPES (88 % v/v), HyClone Fetal Bovine Serum 

(FBS) (9 % v/v),  L-Glutamine (2 % v/v), and Penicillin-Streptomycin (1 % v/v). Then 3T3- 

L1 mouse fibroblast cells containing culture flask were incubated at 37°C and 5% CO2 and 

were fed every three days and seeded every six days. The cells were harvested and passaged 

when they reached 70-80% confluent (approximately 5-6 x 10
4
 cells/cm2), as determined by 

optical microscopy.  

3.2 Approaches 

3.2.1 Cell Electrospinning 

Cell electrospinning (CE) is the direct incorporation of live cells into nanofibers 

(Figure 12) during electrospinning which would provide homogenous cell distribution within 

the nanofibrous mat structure and overcome pore size limitations of electrospun nanofibers in 

tissue engineering field and easy immobilization capability in biocatalysis field. In cell 

electrospinning study, we proposed to begin with PVA polymer to eliminate the use of 

potentially toxic solvents and gelation of cell suspension. We tried to determine the suitable 

electrospinning parameters (concentration, feeding rate, tip to collector distance, etc.) for 

bead free cells incorporated nanofiber structures. Cells (bacteria, virus, and mammalian cells) 

have been successfully incorporated into electrospun nanofibers using both single needle 

electrospinning and coaxial electrospinning [102-105]. However, previous reports indicate 
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that a large number of cells are incapacitated during electrospinning [105], yet the reason for 

cell death remains unconfirmed. Therefore, in our studies we began by addressing following 

issues; Can mammallian and yeast cells be incorporated into nanofibers by electrospinning? 

Do the cells remain viable following electrospinning? What factors contribute to cell death? 

3.2.2 Cell Layering 

Cell layering is the entrapment of the cells into electrospun nanofiber mat layers in a 

continuous electrospinning process (Figure 13). Ideally for cell layering, electrospinning and 

cell suspension spraying would occur simultaneously; however, we did our study with a 

relatively simple version, introducing cell suspension onto nanofiber mat layer by transfer 

pipette. To our best knowledge, the proposed cell layering approach in tissue engineering is 

still in its infancy with only one reported in the literature by Yang et. al. [190], moreover, 

there is no comparative study on the efficiency of multilayering and single layering. In case 

of biocatalysis, we reported for the first time the use of cell layering towards immobilizing 

yeast cells into nanofiber mat layers. To improve cell viability during cell layering, 

determination of suitable solvent type is necessary, since the elimination of solvent residues 

[191, 192] may not be possible. In our studies for both cell lines we tried to optimize the 

electrospinning conditions as well as cell loading density and the thickness of the mat layers 

with trial and error method [193]. We did cell layering with use of both PVA and PCL, 

beginning with PVA using a vertical electrospinning setup. 
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3.2.3 Coaxial Electrospinning  

Coaxial electrospining is one of the electrospinning techniques which enable us to 

produce core-sheath nanofiber structures (Figure 14). In one of our study, we did coaxial 

electrospinning by introducing 3T3-L1 mice fibroblast cell suspension in the core and PVA 

in the outer shell. In another study, we did coaxial electrospinning with loaded either PVA-

yeast cell suspension or PEO-yeast cell suspension mixture into the core and PCL or PVA in 

the outer shell, respectively. The inner needle was 22G (0.72 mm I.D.) and the outer needle 

was 16G (1.65 mm I.D.) from Hamilton Company. In a typical experiment, we used a 

voltage of 12-18 kV high voltage, 15 cm tip to collector distance, and 0.8 ml/hr feed rate for 

the shell and 0.3 ml feed rate for the core.  

3.2.4 Glutaraldehyde Vapor Phase Crosslinking 

In yeast cell study, we used PVA polymer in cell electrospinning case and applied 

GA vapor phase crosslinking onto electrospun yeast incorporated nanofibers. Since we used 

water-soluble poly (vinyl alcohol) (PVA) polymer to immobilize yeast cells, in order to 

improve its stability in aqueous media, glutaraldehyde vapor phase crosslinking was applied 

after the electrospinning process.  
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Figure 1.1 Schematic view of electrospinning set-up, [38] 
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Figure 1.2 Schematic view of basic tissue engineering mechanism, [38] 
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Figure 1.3 Schematic view of extracellular matrix structure, [100] 
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Figure 1.4 Schematic view of biocatalysts and their application fields, [148] 
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Figure 1.5 Main application fields of biocatalysis. Reproduced from [114] 
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Figure 1.6 Schematic view of main immobilization techniques, [119] 
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Figure 1.7 Schematic view of biocatalysis mechanism of whole-cell biocatalysts, [13] 
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Figure 1.8 The chemical structure of polyvinyl alcohol 
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Figure 1.9 Polymerization of PCL, [167] 
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Figure 1.10 Asexual reproduction of yeast cells, budding, [183]  
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Figure 1.11 Schematic view of today and past use of yeast cells in industry, [155] 
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Figure 1.12 Schematic view of cell electrospinning process 
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Figure 1.13 Schematic view of cell layering process 
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Figure 1.14 Schematic view of coaxial electrospinning process 
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Figure 1.15 Schematic view of glutaraldehyde vapor phase crosslinking on yeast cells 

incorporated nanofiber mat 
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Figure 1.16 Vapor phase crosslinking of poly (vinyl alcohol) by glutaraldehyde, [194] 
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CHAPTER II. 

 

NIH 3T3-L1 MICE FIBROBLASTS CULTURING WITH NEW 

ELECTROSPINNING 

TECHNIQUES FOR TISSUE ENGINEERING APPLICATIONS 

 

 

Chapter II is essentially a manuscript prepared for submission to Nanotechnology. 
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NIH 3T3-L1 Mice Fibroblasts Culturing with New Electrospinning 

Techniques for Tissue Engineering Applications 

 

 

ABSTRACT 

Electrospinning is a promising technology for production of tissue engineering 

scaffolds, and in this regard incorporation of mammalian cells into nanofibers and 

multilayered cell nanofiber construction with continuous electrospinning may be a practical 

solution in cell culturing applications. Incorporating the cells directly during the 

electrospinning process (cell electrospinning) and multilayered cell nanofiber construction 

(cell layering) are potential alternatives to cell seeding on nanofiber structures after 

electrospinning. In this study we investigated the viability of 3T3-L1 mice fibroblast cells 

after incorporation into poly (vinyl alcohol) (PVA) nanofibers and multilayering with both 

poly (vinyl alcohol) (PVA), and poly (caprolactone) (PCL) nanofibers and analyzed the 

possible factors that affect the cell viability. To verify the incorporation of the cells into 

electrospun nanofibers, we examined the fibers using SEM and in order to check the 

viability, we used live-dead staining technique. We observed that cells do not survive 

following incorporation by direct electrospinning but survive after cell layering. We assessed 

the effects of various factors including cell suspension and polymer solution compatibility, 

shear stress, electrical conductivity, high voltage, dehydration, and fiber stretching during 

cell electrospinning on cell viability. We found out that dehydration and fiber stretching are 

the main factors causing cell death when incorporating cells during the electrospinning 

process. In the case of cell layering, while high cell viability was obtained, the choice of 
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solvent is critically important, as residual solvent in the electrospun fibers could be 

detrimental to the cells.   
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1. INTRODUCTION 

Synthetic materials capable of supporting the proliferation, differentiation and 

development of viable mammalian cells into a desired tissue in vitro are of considerable 

interest. Such materials, scaffolds, must provide structural support and interactions that direct 

cell growth. Ideally, the scaffold material would be biocompatible, porous with high surface 

area, fully biodegradable or absorbable, similar in mechanical properties to the target tissue, 

and sterilizable [1-15]. 

Nanofibers are considered especially promising for tissue scaffolds because their size 

scale mimics the extracellular matrix [10, 15-21]. Electrospinning is a facile process used to 

generate nanofibers and nanofiber composites that involves the application of a high voltage 

(1-30 kV) to induce the formation of a liquid jet from a polymer solution or melt. The 

electrospinning setup consists of three major components: a high-voltage power supply, a 

capillary device and a ground collector. The polymer solution or melt is fed out of the 

capillary by a positive displacement pump and a high-voltage electric field is applied which 

generates charges in the pendant drop of the polymer liquid at the nozzle. With increasing 

electrostatic forces, the droplet forms a conical shape (a Taylor cone) and a fine liquid jet 

ejects from its apex towards the collector. The liquid jet is stretched and whipped resulting in 

a long and thin fiber. As the jet is continuously extended and the solvent evaporates, the 

diameter of the jet is reduced from several hundred micrometers to as low as tens of 

nanometers. The charged fiber is ultimately deposited onto the grounded collector plate as a 

non-woven mat of nanofibers. Despite the simple electrospinning setup, nanofiber formation 

is quite complex. Solution properties such as the type and conformation of the polymer, 
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viscosity, electrical conductivity, and surface tension, as well as operating conditions such as 

the applied voltage, the tip to target distance, and the feed rate of the polymer all affect the 

electrospinning process [3, 18-35].   

Advantages of electrospinning include process simplicity, inexpensive handling costs, 

versatility in material selection, and mat thickness control over time [10-17]. Further, 

nanofibrous materials produced by electrospinning have a combination of unique properties 

that mimic the extracellular matrix including: high surface area to volume ratio, pore 

interconnectivity and 3D fiber network structure [10, 16-18]. Electrospun nanofibers have 

been studied as potential scaffolds for engineered cartilage, bone, arterial blood vessel, heart, 

nerve, and skin tissues. However, there are two major obstacles when using electrospun 

structures as tissue scaffolds: insufficient thickness and small pore sizes, which hamper cell 

migration and proliferation [10, 36, 37].  

We propose two different approach towards production of polymer based electrospun 

nanofiber structures to overcome some disadvantages such as insufficient penetration of cells 

into the structure, inadequate thickness of the fibrous mat and unsatisfactory cell distribution 

throughout the 3D fibrous structure [38, 39]. Our first proposed approach is direct 

incorporation of cells into nanofiber during electrospinning (cell electrospinning) [40]. This 

would provide homogenous cell distribution within the nanofibrous mat structure and 

overcome pore size limitations of electrospun nanofibers. Alternatively, cells may be 

entrapped between nanofibrous mat (cell layering) which would increase the thickness of the 

final structure as well as provide cell penetration within the structure [41].     
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Cells (bacteria, virus, and mammalian cells) have been successfully incorporated into 

electrospun nanofibers using both single needle electrospinning and coaxial electrospinning 

[40, 42-45].  However, previous reports indicate that a large number of cells are incapacitated 

during electrospinning [43], yet the reason for cell death remains unconfirmed. In this study 

we electrospun polyvinyl alcohol (PVA) with 3T3-L1 mice fibroblast cells and 

systematically determine how different aspects of the electrospinning process, including the 

presence of the electric field, shear stresses during fiber formation, and dehydration, affected 

on cell viability. 

Layered structures mimic the stratified, lattice like structure in tissues and have been 

successfully used to generate 3D structures with multiple cell types [46, 47]. Layered 

structures constructed using electrospinning has also been recently reported [41]. In this 

study, we use poly (caprolactone) PCL, a biocompatible and biodegradable polymer, 

electrospin layers to entrap 3T3-L1 mice fibroblasts for comparison to cell electrospinning.  

Additionally, we systematically determine how different aspects of the layering process 

affected cell viability. 

2. EXPERIMENTAL PART 

2.1 Materials  

PVA (average molecular weight 205,000 g/mol, 88% hydrolyzed), PCL (average 

molecular weight 50,000), dimethyl formamide (DMF), chloroform, HFIP (1,1,1,3,3,3-

Hexafluoro-2-propanol), Hank’s Balanced Salt Solution (HBSS), and Trypan Blue were 

purchased from Sigma Aldrich. Dulbecco’s Modified Eagle’s Medium (DMEM) with 
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HEPES (4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid), Thermo Scientific HyClone 

Fetal Bovine Serum (FBS), live/dead viability/cytotoxicity kit for mammalian cells, trypsin-

EDTA, and 70% ethanol were purchased from Fisher Scientific. L-Glutamine, and Pen-Strep 

were purchased from Cellgro Mediatech. 3T3-L1 mice fibroblast cells were purchased from 

American Type Culture Collection (ATCC) Bioresource Center and stored in liquid nitrogen.  

All materials were used as received.  

2.2 Cell Culturing 

3T3 – L1 2
nd

 passage fibroblast cells were thawed and placed in growth media. To 

ensure viability, 25 µl of the cell suspensions was stained with Trypan blue and observed 

under a microscope (Leica DM IL LED). Once checked for viability, about two hundred fifty 

thousand cells were incubated at 37°C and 5% CO2, replaced with fresh growth medium 

every third and sixth day. The cells were harvested and passaged when they reached 70-80% 

confluent (approximately 5-6 x 10
4
 cells/cm

2
), as determined by optical microscopy. The 

cells were rinsed twice with sterile HBSS, and then incubated with trypsin-EDTA at 37 °C 

for 5 minutes. Once the cells were detached (verified with optical microscopy), 3T3-L1 

growth medium (with serum) was added to inactivate the trypsin. A small portion of the cells 

were counted with a hemacytometer, and the remaining cell suspension was centrifuged at 

550 rpm for 5 minutes and the supernatant was aspirated. The cell pellet was resuspended in 

approximately 10 ml of medium and 2-3 x 10
3
 cells/cm

2
,
 
as measured by hemacytometer, 

were seeded in 20 ml growth medium (150,000-225,000 cells per flask) and incubated. The 

remaining cell suspension, which included about around 5 million cells, was used in further 

experiments. In our experiments to directly electrospin cells into nanofibers, we mixed (15-
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25 wt.%) cell suspension with polymer solution. For the cell layering case we used around 

20-25 ul cell suspension which contained 25,000 cells in between nanofiber mat layers.  

2.3 Electrospinning 

2.3.1 Single needle 

PVA (8 wt.%) solutions were prepared by mixing PVA in deionized water at 60C 

until homogeneous. PCL (13 wt.%) was dissolved in DMF/Chloroform (30/70 w/w) or 

acetone by stirring at 60˚C until homogeneous. Similarly, PCL (10 wt.%) was dissolved in 

HFIP by stirring at 50˚C until homogeneous.  

To electrospin, the polymer solution or polymer/cell mixture was loaded into a 

syringe fitted with a stainless steel needle (0.508 mm I.D.) and attached to a power supply 

(Matsusada Precision Inc, NY), a set-up previously described by Saquing et al. [48]. Flow 

rates between 0.25 to 0.6 mL/h were used (New Era Pump Systems Inc, NY) with different 

voltages between 3 and 20 kV.  

2.3.2 Coaxial set-up 

A coaxial electrospinning method was also used with 3T3-L1 mice fibroblast cell 

suspension in the core and PVA in the outer shell [49, 50]. The inner and outer needles 

(Hamilton Company, NV) were 22G (0.72 mm I.D.) and 16G (1.65 mm I.D.), respectively. 

In a typical experiment, we used a voltage of 15kV, a tip to collector distance of 15 cm and 

flow rates of 0.8 ml/hr and 0.3 ml/hr for the shell and core solutions, respectively.   
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2.4 Cell Electrospinning 

Polymer solution (PVA) and cell suspension were combined in appropriate ratios and 

were stirred for 5 minutes immediately prior to electrospinning. Experiments were carried 

out systemically determine how the electrospinning process affected cell viability. Cell 

viability was observed after the cell suspension was passed through the needle in the absence 

of the high voltage to determine the effect of shear stress on cell viability. Further, a positive 

charge was applied to the needle while the cell suspension passed through the needle to 

determine the effect of charging the electrospinning solution. In another experiment, effect of 

high voltage was examined by applying voltages ranging from 1kV to 20 kV to the cell 

suspension.  

We also examined cell viability in the presence of the polymer. First, the viability of 

cells in the cell suspension after stirring was tested. The effect of voltage in the presence of 

the polymer was then observed. At low voltages, below the voltage required to successfully 

electrospin fibers, droplets of the polymer/cell mixture were obtained, and the cell viability in 

these systems was assessed. At voltages above the voltage required to successfully 

electrospin fibers, the viability of the cells within the fibers and effect of fiber stretching 

during electrospinning could be evaluated. Lastly, the effect of dehydration was tested by 

electrospinning directly into the growth medium. 

2.5 Cell Layering  

For layering studies, PVA or PCL solutions were electrospun for 10 minutes using a 

voltage of 15 kV, a tip to collector distance of 15 cm and a flow rate of 0.5 ml/hr. Following 
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electrospinning, a specified amount of cell suspension was put onto the nanofibrous 

membrane, a second layer of nanofibers was then electrospun for 10 min on top of the cells. 

The final multilayered structure was placed into growth medium for 10 to 30 min before 

testing for viability.   

 

2.6 Sample Characterization 

2.6.1 Fiber structure 

Fiber morphology with and without cells were observed by coating with 

approximately 10 nm of Au/Pd and observed under Field Emission Scanning Electron 

Microscope (JEOL JSM-6400 F) at 5 kV. The average fiber size and standard deviation were 

determined by measuring the diameter of at least 100 fibers using Image J software.   

2.6.2 Cell Viability 

Following both cell electrospinning and cell layering process final products were 

placed into growth medium and stained with live/dead viability/cytotoxicity kit for 

mammalian cells from Invitrogen, CA. The staining kit included two components, 4 mM 

Calcein AM in anhydrous DMSO and 2mM Ethidium Homodimer-1 (EthD-1) in 

DMSO/H2O 1:4 (v/v). We first combined PBS, EthD-1 stock solution and calcein AM stock 

solution in appropriate proportions. We then mixed the cell suspension and staining solution 

directly on a coverslip.  Finally, the samples were observed under Leica fluorescent inverted 

microscope (Leica DM IL LED). Under green light, dead cells appeared red and under blue 

light live cells appeared green. In order to calculate the cell viability, representative images 
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from several areas under fluorescent microscope were captured by Q imaging software 

following staining and the viability was calculated from the ratio of live cells to total cells as 

previously described [51, 52]. 

3. RESULTS & DISCUSSION 

3.1 Cell Electrospinning 

3.1.1 Single Needle 

Our first step entailed direct electrospinning of 3T3-L1 cells with PVA into 

nanofibrous structures. Figure 1 shows optical micrographs of these cells in its native state 

prior to electrospinning with average cell size of ~12m. In order to verify cell incorporation 

into nanofibers, we examined the size and shape of nanofibers formed using optical and 

electron microscopy. PVA nanofibers with and without cells are shown in Figure 2. In the 

case of the pure PVA (8 wt. %), we observe uniform fibers with average fiber diameter of 

142 ± 37 nm. However, for samples electrospun with cells, we observe beaded nanofibers 

(Figure 2a). Since the cells are bigger than the fibers produced, it is likely that the cells are 

appearing as bead-like structures. In addition, a much broader fiber size distribution, almost 

bimodal in nature, is observed (Figure 2b). From the fiber size distribution, we observe the 

average fiber size of the beaded portion to be ~500 nm whereas the fiber structures have an 

average diameter ~150 nm, similar to the pure PVA nanofibers. This seems to indicate that 

cells have been successfully incorporated into the nanofibers. Since the size of the bead-like 

structures are smaller than the expected size of the cells (11.8 ± 2.9 μm), the electrospinning 

process appears to distort the cells. Figure 2c shows optical microscope images of the 
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nanofiber with and without cell electrospinning. We observe structural features in the sample 

that has been electrospun with cells, suggesting presence of cells within the nanofibers, 

consistent with conclusions obtained from SEM images. 

In order to determine the maximum amount of cells that can be incorporated into the 

polymer matrix and yet obtain electrospun nanofibers, we systematically increased the 

weight by weight ratio of cells to PVA in the solution. Figure 3 shows the results of 

electrospinning solutions containing 0 to 66% (w/w) cells. With increasing amount of cells, 

the number of beads within the fiber as well as defects in the membrane due to droplets 

increased, which provides further indirect evidence that the beaded structures within the 

fibers encapsulate cells (Figure 3). At 66% cells by weight, the resulting material is mostly 

droplets. However, a substantial number up to 50% cells, could be electrospun successfully 

and be directly incorporated into nanofibers. 

3.1.2 Coaxial 

Cells could also be incorporated into electrospun nanofibers using a coaxial approach. 

In this case, the cell suspension (cells in growth medium) was introduced as the core material 

whereas the sheath solution was composed of PVA only. Coaxial electrospinning produced 

larger fibers, and the cells do not appear as bead-like structures since the fibers have an 

average diameter of 748 ± 267 nm (Figure 4). 

3.2 Cell viability 

One of the critical issues in cell electrospinning is to examine the viability of the cells 

following electrospinning. Figure 5 shows results in this regard for cells exposed to single 
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needle and coaxial electrospinning. In these experiments, the nanofibers collected were 

dissolved in growth media and a live/dead staining was used to examine the cells. Figures 5a 

and 5c show results for single needle electrospinning whereas Figures 5b and 5d reveal 

results obtained from coaxial electrospinning. In either case, we notice only red specs 

corresponding to dead cells. Figures 5a and 5b, which correspond to live cell images appear 

dark as there are no live cells present to show any green specs (typical for live cells). 

Interestingly, in the only other work on mammalian cell electrospinning [40], the authors 

reported a cell viability of 60% which they attributed to polymer viscosity effects. However, 

the cells were different in their case, and electrospinning was performed into a Petri dish 

filled with growth media rather than on to an aluminum foil. Even in our case, when we 

electrospin into a growth media, as discussed later, we obtain a maximum cell viability of 

25%. The difference in results suggest the sensitivity of the cell lines to the process 

parameters and a need to better examine the underlying causes for cell death.  

To better understand why the cells did not survive the electrospinning process, we 

performed a series of experiments to systematically determine the effect of the different 

aspects of the electrospinning process on cell viability. We first examined the effect of the 

shear stress associated with passing the cells through the syringe by pumping the cell 

suspension containing no polymer through the electrospinning setup in the absence of the 

electric field. We found that the shear stress of being pumped through the syringe did not 

significantly affect the viability of the cells. This is illustrated in Figure 6 where the green 

and red specs correspond to live and dead cells respectively. We found that only 

approximately 1% of the cells die during this process. 
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In the next step, we pumped the cell suspension through the syringe while applying a 

high voltage to charge the suspension. We charged the solution with 10 kV or 20 kV; 

however, charging the cell suspension even with up to 20 kV did not significantly affect cell 

viability. We call this as the conductivity effect in Figure 6c which reveals minimal cell 

death. Finally, we subjected the cell suspension to the electric field associated with 

electrospinning by charging the solution with a high voltage and grounding the collector. At 

low voltages (below 5 kV), droplets were collected and at high voltages (above 6 kV), the 

electric field caused the suspension to spray (Table 1). The cell viability was over 95% at low 

voltages and over 90% when sprayed at higher voltages. Based on this set of experiments 

with the cell suspension, we surmise that the high strength electric fields required for 

electrospinning is not the main cause of cell death.   

We next attempted to isolate cell viability during various parts of electrospinning 

process in the presence of polymer. Our control experiment included testing for viability of 

cells when mixed with a PVA solution. As expected, we observed no effect on cell viability 

when the cell suspension was combined with a polymer solution (Figure 7, top). PVA 

solution with cells was then electrospun by systematically varying the applied electric field. 

At voltages below the threshold required to successfully electrospin (below 5 kV), we 

obtained droplets rather than fibers (Table 1). However, the majority of the cells survived 

despite the applied electric field and solvent evaporation, as shown in Table 1 and illustrated 

in Figure 7 for the 1kV applied field case. At higher voltages when we obtained 

combinations of droplets and fibers or fibers, none of the cells in the collected fibers survived 

(Table 1). This is also shown for a representative case of 8kV in Figure 7. We therefore 
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observe two scenarios when a high voltage is applied. For the case of cell-only suspensions, 

only droplets are formed and the cells predominantly survive. In contrast, for the case of 

PVA/cell solution, droplets with fibers or fibers are formed and almost all cells are dead. 

Bases on these results, we postulate that cell death occurs due the stresses associated with 

fiber formation. During coaxial electrospinning, a substantial amount of solvent evaporates 

from the fiber after it is formed [53]. It is possible that a portion of the cells survive the fiber 

formation during electrospinning, but die due to dehydration in the dry fiber. To assess if cell 

death is caused by dehydration of the fibers, we electrospun directly into the growth media 

rather than onto the foil. Upon spinning into the growth media, we observe that 15-25% of 

the cells survive (Figure 7, bottom micrograph and bar graph) similar to a previous report by 

Klein and coworkers on Escherichia coli cells [43]. This result suggests that the majority of 

cells die during fiber formation. Because coaxial electrospinning involves the same 

mechanisms of fiber formation (stretching), coaxial electrospinning of nanofibers should not 

provide a significant advantage over single needle electrospinning in terms of cell survival.    

3.3 Cell Layering 

As an alternative to cell electrospinning, we also explored entrapping the cells 

between nanofibrous mat layers using a layering approach. By placing cells between 

electrospun membranes, it may be possible to overcome the thickness limitations of 

electrospinning as well as provide penetration to the internal structure of the scaffold. For 

this part of the study we examined both PCL and PVA as the polymer of interest. To 

investigate the cell viability we electrospun a mat layer, added cell suspension onto the first 

layer, and electrospun a second layer. When we electrospun PCL in DMF/chloroform, we 
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obtained over 60% cell viability initially, which fell to below 20% after 3 days. Further 

investigation into the cell death as a function of time revealed that the location of the cell 

relative to the nanofiber layer significantly affected cell viability.   

When the mat layers were pulled apart so as to test the cells, we found some cells 

attached to the membrane and others not attached. Samples of the unattached cells are taken 

from the fiber mat at different time intervals, put in growth media and checked for viability. 

For the attached cell, fiber samples with cells attached were put in the growth media at 

different time intervals and checked for viability. Figure 8 shows the cell viability studies for 

both populations of cells. We find that 80% of the unattached are alive on day one and there 

is a slight decrease in three days. The attached cells show approximately 60% viability 

initially which drops to 20% in three days. Such rapid deterioration in cell viability suggests 

that residual solvent in the electrospun fibers may affect the cells.   

We explored the use of a different solvent to electrospin PCL and examined cell 

viability after seeding the cells on an initial electrospun layer. When we used acetone, we 

obtained 45% viability which was lower than 70% viability when using DMF and chloroform 

(Figure 9). We also attempted to wash the fibers with ethanol (EtOH) for both solvent 

systems before adding the cell suspension; washing improved cell viability by 5 to 10% 

(Figure 9).   

These results also indicate that residual solvent in the electrospun fibers was affecting 

cell viability. To probe this issue further, we identified solvents thought to minimally affect 

cell viability that could also be used to electrospin PCL, namely HFIP [41] and repeated the 

layering procedure. Using HFIP, 80% of the attached cells were alive (Figure 10) initially 
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compared to 50% when using DMF/chloroform. In addition the magnitude and decay of cell 

viability is analogous to that of unattached cells from the DMF/chloroform validating this to 

be a suitable solvent for cell layering. 

For comparison purposes, we also performed cell layering with PVA although it is 

anticipated that water as a solvent in this would not affect cell viability. While PVA is a 

suitable material for scaffolds using this technique, the addition of the cell suspension causes 

the polymer nanofiber to partially dissolve. So, in this case we do not have a true nanofibrous 

web, but our objective was to verify that cell viability was not affected by the layering 

process in the absence of a harsh solvent. Figure 10 shows that indeed cell viability is high 

and not affected within the time duration of our study. The results of this part of the work, 

taken together, suggest that while cell layering yields much higher cell viability when 

compared to cell electrospinning, the choice of solvent is critically important, as residual 

solvent in the electrospun fibers could be detrimental to the cells. 

4. CONCLUSIONS 

We studied two approaches to incorporate live mammalian cells into nanofibrous 

web, direct electrospinning and cell layering in which cells are sandwiched between two 

electrospun nanofibrous webs. While the cells were dead in the direct cell electrospinning 

case, they were substantially alive in the cell layering case. In order to understand the reason 

behind cell death following cell electrospinning process, we systematically examined 

parameters that we thought might have an effect on the viability of cells: polymer-cell 

suspension compatibility, shear stress, electrical conductivity, high voltage, dehydration and 
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fiber stretching, all part of the electrospinning process. We found fiber stretching and 

dehydration to be the main factors in determining cell viability in cell electrospinning 

process. While it might be possible to find a solution for dehydration by introducing some 

growth medium onto stacked nanofiber scaffold including cells in synchronization with 

electrospinning process, it is impossible to eliminate cell deaths due to fiber stretching. In the 

cell layering case, although cells were predominantly alive immediately after electrospinning, 

its viability was dependent on the solution used for electrospinning. We surmised that 

residual solution played a large role in this regard, and best results were obtained using the 

cell compatible HFIP solvent.   
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Table 2.1 Effect of  high voltage on viability of cells  in suspension and in PVA solution  

     Voltage      Formation with polymer                 Result              Formation w/o polymer                Result 

        1kV                         Droplet                                Alive (>95%)                        Droplet                            Alive (>95%) 

         2kV                         Droplet                                Alive (>95%)                        Droplet                            Alive (>95%) 

         3kV                         Droplet                                Alive (>95%)                        Droplet                            Alive (>95%) 

         4kV                         Droplet                                Alive (>95%)                        Droplet                            Alive (>95%) 
         5kV                         Droplet                                Alive (>95%)                        Droplet                            Alive (>95%) 

         6kV                  Droplet  & Fiber           All dead (Fibrous Part)         Droplet breakup into spray           Alive (>90%) 

        >6kV                          Fiber                                      All dead              Droplet breakup into spray           Alive (<90%) 

 

 

 

 

 

 

 

 

 



 

 

86 

 

 

 

 

 

 

 

 
Figure 2.1 Optical microscopy images of 3T3-L1 fibroblast cells; 11.8 ± 2.9 micron, from 
measuring of 50 cells  
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Figure 2.2 A comparison of PVA nanofibers with and without cell incorporation (17 w/w% 

cell suspension) (a) SEM micrographs (b) fiber size distributions (c) optical microscopy 
images 
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Figure 2.3 Effect of increasing cell concentration on electrospinnability of 3T3-L1 fibroblast 

cell incorporated PVA nanofibers: SEM micrographs of (a), (b) 100% PVA, (c), (d) 25% 

(w/w) 3T3 cell suspension, (e), (f) 50% (w/w) 3T3 cell suspension, and (g), (h) 66% (w/w) 
3T3 cell suspension 
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Figure 2.4 Cell incorporated nanofibers by coaxial electrospinning with PVA in the shell and 

3T3-L1 fibroblast cell suspension in the core (a) low magnification SEM micrograph, (b) 
fiber size distributions, (c) high magnification SEM micrograph 
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Figure 2.5 Live/dead viability results (a) and (c) show single needle electrospinning, (b) and 

(d) show coaxial cell electrospinning; in either case, no viable cells were observed 
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Figure 2.6 Effects of process parameters on the cell death of 3T3-L1 fibroblast cells in 

suspension; representative viability images (on the top part), cell death (%) as a function of 
process parameters (on the bottom part) 
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Figure 2.7 Effects of process parameters on the cell death of 3T3-L1 fibroblast cells in PVA; 

viability images (top), cell death (%) as a function of process parameters (bottom) 
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Figure 2.8 Viability of unattached and attached 3T3-L1 fibroblast cells over time following 
cell layering with PCL in DMF/Chloroform  
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Figure 2.9 Effects of solvents with and without washing with ethanol (EtOH) on the viability 

of 3T3-L1 fibroblast cell seeding on PCL scaffolds; on the graph, it was shown PCL polymer 

dissolved whether in DMF/Chloroform solvent or HFIP solvent with or without EtOH wash 

after electrospinning process 
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Figure 2.10 Viability of cells over time following cell layering with PVA and PCL using 

DMF/Chloroform or HFIP; (A) cells with PVA layering, (B) unattached cells in between 

PCL layers (DMF/Chloroform), (C) attached cells in between PCL layers (HFIP), (D) 
attached cells in between PCL layers (DMF/Chloroform) 
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CHAPTER III. 

 

FUNCTIONAL NANOFIBROUS MEMBRANES  

WITH LIVE YEAST CELLS FOR BIOCATALYSIS APPLICATIONS 

 

 

 

 

Chapter III is essentially a manuscript prepared for submission to Biomacromolecules. 
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Functional Nanofibrous Membranes with Live Yeast  

Cells for Biocatalysis Applications 

 

 

ABSTRACT  

Immobilized enzymes have been used in industrial applications; however, the use of 

immobilized microbial whole cells may be preferred because of some inherent limitations 

associated with enzymes: higher cost and longer time requirement, unstable characteristic of 

enzyme out of natural environment, and easy denaturation under processing conditions. In 

this study, we examine incorporation of cells in electrospun nanofibers using three new 

approaches cell electrospinning, incorporation of yeast cells designed to display eGFP 

(enhanced green fluorescent protein), a model protein, into nanofibers directly; cell layering, 

entrapment of yeast cells between nanofibers mats; and coaxial electrospinning, putting yeast 

cells into core in core-sheath structure. Assessment of related process parameters, viability, 

and functionality of yeast cells after electrospinning was implemented. Yeast cells were 

viable following direct electrospinning and crosslinking, coaxial electrospinning, and cell 

layering. Further, the eGFP protein displayed in all three cases showed fluorescence 

indicating proper conformation.  
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            1. INTRODUCTION  

A variety of industrial processes ranging from production of food and drugs to 

textiles can be improved by immobilization of biocatalysts [1-3].  Enzymes and whole-cell 

biocatalysts offer many advantages over conventional catalysts including increased 

efficiency and selectivity [1, 4-13]. Although immobilized enzymes have been used in 

industrial applications, in some cases use of immobilized microbial cells may be preferred 

due to higher cost and low enzyme stability under processing conditions [14, 15]. 

Additionally, whole-cell biocatalysts provide necessary co-factors for complex enzyme-

based reactions [16-18] and cell immobilization may be more amenable than enzymes. [19]. 

A wide range of cells or organelles from animal, plant, and microorganisms can be 

utilized as biocatalysts [11, 13, 20, 21]. Microorganisms are generally preferred because of 

their ease of use, versatility, and rapid growth rate [13, 22]. The most commonly used 

microorganisms in biocatalysis are Escherichia Coli, yeast, certain species of fungi and some 

other bacteria [13, 17, 22, 23]. Yeast cells, in particular, may be preferable as they are easily 

cultivated with a high propagation rate [24, 25]. Yeast cells may have potential applications 

in the production of distilled beverages and fuel [25-29], removal of surface-bound metals 

such as uranium for the water remediation [30, 31], and biosensors for toxicity detection 

[32]. Additionally, yeast cells are used in many industrial applications including food, 

beverages, bioengineering, pharmaceuticals, chemicals, and energy [33].  Immobilization of 

biocatalysts for these applications can improve the functionality and performance for 

bioprocessing applications by improving ease of handling, efficiency of product recovery, 

and repetitive use of the biocatalyst. However, immobilization can reduce the activity of the 
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biocatalyst, and the structure of the support material greatly affects the performance of the 

immobilized biocatalyst [34-37]. Fiber structures are considered desirable due to their high 

specific surface area [10]. Since surface area increases with decreasing fiber diameter, 

nanofibers are especially promising for biocatalyst immobilization. Additionally, mass 

transfer limitation would be reduced due to the small size scale. [38-46].  

Electrospinning is a common and simple method used to produce polymer nanofibers 

with diameters ranging from microns to tens of nanometers [47-51]. The formation of 

electrospun nanofibers is based on the combination of stretching and whipping of viscoelastic 

solutions by means of high electrical voltage which creates continuous ultrathin fibers in the 

form of a randomly oriented nonwoven mat deposited on a grounded collection plate [52, 

53]. On the quality of the produced nanofiber mat several factors are affected such as 

polymer solution parameters including viscosity, surface tension, electrical conductivity, 

operating conditions of applied voltage, tip to collector distance, feed rate, and ambient 

conditions as humidity and temperature [54, 55]. In general, high porosity, large surface area-

to-volume ratio, good mechanical strength, and small fiber diameter render nanofiber 

structures useful and desirable in many applications, including biocatalysis, tissue 

engineering, technical textiles, filtration, and reinforced composites [56-58]. 

We investigate the production of polymer/yeast composite structures via 

electrospinning. We aim to immobilize the yeast cells within nanofibrous structures for 

potential biocatalytic applications. We use two approaches to immobilize yeast cells into 

nanofibrous structures; entrapment of cells between nanofiber mat layers (cell layering) or 

within electrospun nanofibers (cell electrospinning).  We use yeast cells functionalized to 
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produce enhanced green fluorescent protein (eGFP), thus this approach can also be used for 

the immobization of proteins.   

Cells (bacteria, virus, and mammalian cells) have been successfully incorporated into 

electrospun nanofibers using both single needle electrospinning and coaxial electrospinning.  

However, immobilization of yeast cells for biocatalytic applications remains novel. A 

number of studies have immobilized enzymes in electrospun fibers for such applications. But 

the activity of the enzyme is generally greatly reduced once in the nanofiber, which may be a 

result of a conformational change of the enzyme. For example, it has been reported [59] that 

a green fluorescent protein can be electrospun; however its fluorescence is quenched. If 

coaxial electrospinning is used the fluorescence is maintained. By immobilizing 

functionalized yeast, displaying eGFP as a model protein, this may prove to be a powerful 

tool in the immobilization of enzymes directly in electrospun nanofibers.  

We present a multi-prong approach to the production of polymer/yeast cell nanofiber 

composite structures: incorporation of yeast cells into nanofibers directly followed by 

chemical crosslinking; cell layering, entrapment of yeast cells between nanofibers mats; and 

coaxial electrospining, putting yeast cells into core in core-sheath structure. We assessed 

related process parameters, viability, and functionality of yeast cells after processing using 

flow cytometry, Live/Dead staining technique and eGFP expression tests. We further 

characterized our structures using microscopy (optical microscopy, SEM), thermal analysis 

(DSC), spectroscopy (FTIR), and elemental analysis (EDS).   
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2. EXPERIMANTAL PART 

2.1 Materials 

PVA (average molecular weight 205,000 g/mol 88% hydrolyzed), PCL (average 

molecular weight 50,000 g/mol), Dimethyl Formamide (DMF), Chloroform, and 

Hydrochloric acid (HCL) were purchased from Sigma Aldrich. Live/Dead yeast viability kit 

was purchased from Invitrogen. Glutaraldehyde, 50% aqueous solution was purchased from 

Alfa Aesar. In our study, yeast strain EBY100 was used and cells were grown in Yeast-

Peptone-Dextrose (YPD) media. Yeast Extract was purchased from Fisher Scientific, 

peptone and dextrose were purchased from VWR International LLC. 

2.2 Cell Cultivating 

A 5 ml overnight culture of EBY100 cells was used to inoculate 50 ml YPD media 

(0.5% (w/v) yeast extract, 1% peptone, and 1% dextrose). Cells were grown with constant 

shaking in New Brunswick Scientific shaker incubator at 30ºC, 250 rpm for 24 hours. After 

incubation, the culture was centrifuged in a Sorvall centrifuge at 5000 rpm for 5 minutes and 

the supernatant was discarded. Cell pellets were used in further experimental studies. Since 

cells are more stable and tolerate insult better when they are cold, they were kept in an ice 

bucket during electrospinning process.  
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2.3 Electrospinning 

2.3.1 Cell Electrospinning and Coaxial 

Poly (vinyl alcohol) (PVA) (8% w/w) and deionized water were stirred at 60˚C until 

homogeneous. Prior to electrospinning, cell suspension and PVA solution were combined in 

appropriate ratios and stirred for 5 minutes. The mixture of polymer and cell suspension was 

loaded into a syringe fitted to a stainless steel 22G needle (0.508 mm I.D.) and electrospun. 

In general, we used 1/6 (v/v) cell suspension / polymer solution concentration for the cell 

electrospinning and applied 17 kV voltage (Matsusada Precision Inc, NY), 15 cm tip to 

collector distance and 0.35 ml/hr feeding rate (New Ear Pump Systems Inc, NY) in our 

experiments. 

For the coaxial electrospinning which was studied earlier [60-62], we used either 

PVA-yeast cell suspension or PEO-yeast cell suspension mixture as the core solution and 

PCL or PVA in the outer shell. The inner needle was 22G (0.72 mm I.D.) and the outer 

needle was 16G (1.65 mm I.D.) from Hamilton Company. We applied 12-18 kV, using 15 

cm tip to collector distance, and flow rates of 0.8 ml/hr and 0.3 ml/hr feed rate for the shell 

and core, respectively.  

2.3.2 Cell Layering 

In the case of cell layering, we used a vertical electrospinning setup to sandwiched 

cells between nanofiber mat layers of PVA (8 wt.% in deionized water) or PCL (13 wt.% in 

DMF (Dimethyl Formamide)/Chloroform mixture (70/30 w/w)). In this setup, a positively 
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charged metal ring was placed between the tip of the needle and the collector. PVA or PCL 

was electrospun for 10 minutes, then yeast cell suspension containing approximately 10
7
 

cells was put on the nanofibrous membrane, then we continued to electrospin for another 10 

minutes to form the second layer of nanofibers. Finally, the multilayered structure was 

placed in growth media. To electrospin PVA, we used operating conditions of 16 kV 

voltage, 12 cm tip to collector distance, and 0.5 ml/hr feed rate; for PCL we used 10 kV 

voltage, 12 cm tip to collector distance, and 0.5 ml/hr feed rate.  

2.3.3 Crosslinking 

In order to immobilize the cells in the PVA fibers after cell electrospinning, we 

applied glutaraldehyde vapor phase crosslinking as previously described [63]. In this regard, 

we placed the nanofiber mat with incorporated yeast cells into a sealed jar containing a vial 

of 0.25 ml HCl and a vial of 20 ml glutaraldehyde. Typically, we electrospun for 1 hour 

(flow rate of 0.5 ml/hr) and crosslinked for 35 minutes.  To determine if the fibers were 

crosslinked, we exposed the mat to water for 24 hours.   

2.4 Characterization 

2.4.1 FESEM, OM, EDS, DSC, and FTIR Analysis  

Fiber morphology with and without cells were observed by scanning electron 

microscopy (SEM) and optical microscopy (OM). For SEM analysis, the nanofiber mat 

samples were coated with approximately 10 nm of Au/Pd and observed under Field 

Emission Scanning Electron Microscope (JEOL JSM-6400 F) at 5 kV. The average fiber 
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size and standard deviation were determined by measuring the diameter of at least 100 

fibers using ImageJ software. To verify the incorporation of yeast cells, we performed 

Differential Scanning Calorimetry (DSC), Fourier Transform Infrared Spectroscopy 

(FTIR) and Energy Dispersive X-ray Spectroscopy (EDS) analysis. DSC analysis was 

performed with TA Instruments Q2000 model differential scanning calorimeter using 

3.5 mg samples in standard aluminum pans under nitrogen with a heating rate of 10 C˚ 

min-1. Infrared spectral studies were performed with a Nicolet 510P FTIR spectrometer 

in the range of 400-4000 cm-1, with a resolution of 2 cm-1 and 64 scans for each sample. 

In EDS elemental analysis we used an Oxford SiLi detector, Advanced Analysis 

Technologies amplifier and 4 Pi Pulse processor. We observed pure PVA nanofiber mat 

and PVA fibers with yeast cells at 20 kV in the absence of coating at 1,000x and 80,000x.  

2.4.2 Cell Viability Test 

For yeast cells, viability test for cells after both electrospinning applications and 

vapor phase crosslinking were performed with live dead staining test technique. Cell staining 

was performed with Live/Dead yeast viability kit which was purchased from Invitrogen and 

includes two components, FUN 1 cell stain (Component A), 300 μL of a 10 mM solution in 

anhydrous dimethylsulfoxide (DMSO) and Calcofluor White M2R (Component B), 500 μL 

of a 5 mM solution in water. We first combined PBS with two staining components in 

appropriate proportions. We then mixed the cell suspension and staining solution directly on 

a coverslip and observed the samples under an Olympus BX-61 optical microscope which is 

equipped with a transmitted- and fluorescence-mode. The images were recorded using an 
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Olympus DP-70 digital CCD camera. Filter system FITC 31001 which has excitation of 430-

530 nm and the emission of 515-575 nm was use to analyze the dead cells and TRITC 

41002a which has excitation of 485-585 nm and the emission of 560-680 was used to analyze 

the live cells. Under blue laser light, with FITC 31001, we observed green fluorescent dead 

cells and under green laser light, with TRITC 41002a, we observed red fluorescent live cells. 

Additionally, we cultivated yeast cells for a day after electrospinning and crosslinking 

processes to determine if the cells were growing. Also, we used a hemacytometer to count 

the cells over time. 

2.4.3 Yeast Cell Surface Display by eGFP 

pEGFP-N1 plasmid harboring the eGFP gene was a kind gift from Dr. Susan Carson 

(Biotechnology Program, North Carolina State University). The eGFP gene was amplified 

using oligonucleotide primers Pf and Pr containing NheI and BamHI restriction sites. The 

primer sequences are: Pf- GGT TCT GCT AGC ATG GTG AGC AAG GGC GAG and Pr- 

GTG TTC GGA TCC CTT GTA CAG CTC GTC CAT G; restriction sites are italicized. The 

amplified gene was ligated with yeast surface display plasmid vector (pCTCON) using the 

same restriction sites NheI and BamHI and transformed into Novablue
TM

(E.coli) cells. 

Plasmid constructs were subsequently transformed into yeast strain EBY100 for yeast surface 

display as described [64]. Transformed cells were grown in YPD medium (10g/L yeast 

extract, 20g/L peptone, 20g/L dextrose) for 1 hour at 30°C and 250
 
rpm and  plated on 

SDCAA plates (20g/L dextrose, 5g/L casamino acids, 6.7g/L yeast nitrogen base, 182 g/L 

sorbitol, 5.40 g/L Na2HPO4, 7.45 g/L NaH2PO4, 15g/L agar) . The plates were incubated for 

24-48 hours at 30°C. A single colony was grown in 5 ml of selective medium SDCAA 
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(20g/L dextrose, 5g/L casamino acids, 6.7g/L yeast nitrogen base, 5.40 g/L Na2HPO4, 7.45 

g/L NaH2PO4) with 1:100 pen-strep solution (Invitrogen, Carlsbad, CA) at 30°C and 250 rpm 

for another 24-48 hours.  

Yeast cells grown in SDCAA were pelleted and resuspended to 1x 10
7
 cells/mL 

(OD600=1) in SGCAA(20g/L galactose, 5g/L casamino acids, 6.7g/L yeast nitrogen base, 

5.40 g/L Na2HPO4, 7.45 g/L NaH2PO4). Cells were incubated at 20°C and 250 rpm for 20-24 

hours to induce expression of yeast cell surface protein fusions. 10
7
 cells were washed with 

PBS-BSA(8g/L NaCl, 0.2g/L KCl, 1.44 g/L Na2HPO4 , 0.24g/L KH2PO4, pH 7.4 , 0.1% 

BSA) and run through a flow cytometer (FACS Aria, BD Biosciences) to confirm eGFP 

expression using an excitation wavelength of 488 nm. Uninduced yeast cells were used as a 

negative control. 

3. RESULTS & DISCUSSION 

3.1 Production of Yeast Cell-Nanofiber Composite Structures 

3.1.1 Single needle cell electrospinning 

We began by examining the effect of electrospinning process parameters (applied 

voltage, tip to collector distance, and feed rate) on the quality of the fibers produced with the 

aim of producing uniform fibers with the highest possible cell loading. Because we used cells 

in suspension, we expected the addition of cells to the polymer solution to reduce the 

viscosity and thus affect the electrospinnability of the system [51, 65]. We combined PVA 

and cell suspension in various ratios and examined the electrospun structures under SEM and 

an optical microscope. Typical results are shown in Figure 1. Further, we analyzed the fiber 
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size distributions of pure and cell incorporated nanofibers. In the electrospinning of pure 

PVA nanofibers, we observed an average fiber diameter as 269.49 ± 56.94 nm and with cells 

incorporated the average fiber diameter as 820.32 ± 767.44 nm. 

To identify the maximum cell loading, we varied the cell concentration while holding 

process parameters constant (0.35 mL/hr flow rat, 15 cm tip to collector distance and 17 kV 

voltage) and analyzed the structures produced with SEM. With a 1 to 6 (v/v) ratio of cell 

suspension (cs) to polymer solution (ps) mixture, we achieved good quality fibers (Figure 2).  

At higher cell concentrations, we observed beaded structures and in some cases fused 

structures with non-fibrous residues. These results are consistent with the existing literature 

[66-68].  

Next, we explored the effect of the processing parameters on fiber quality. We 

evaluated the effect of feed rate, varying the feed rate from 0.1 to 1 ml/hr (Figure 3). While 

insufficient feeding occurred at 0.1 ml/hr caused discontinuous jet formation, multiple jet 

formations was observed at 1 ml/hr leading to spraying. Taylor cones were achieved at flow 

rates of 0.35 and 0.5 ml/hr, although some spraying over time was observed with 0.5 ml/hr. 

Further, we investigated the effect of tip to collector distance (5 to 20 cm) (Figure 4). 

In the case of 5 cm, we obtained fused fibers. We hypothesize that the tip to collector 

distance was too small to allow for sufficient solvent evaporation. At the largest tip to 

collector distance, the fibers collected over a broad area presumably due to increased 

whipping. However, in most cases higher cell density per areas would be preferable. 

Additionally, we observed fused structures and droplets spray affecting the overall mat 
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quality [69]. High quality fibers were achieved using both 12 and 15 cm tip to collector 

distances; however, a few beaded structures were observed when using 12 cm.   

Lastly, we examined the effect of applied voltage (8 to 17 kV) on the formation of 

cell-nanofiber composite structures. Using a voltage of 17 kV, high quality fibers were 

produced. When 8 kV was used, droplet formation and multiple jets were observed. Using 

voltages of 14 and 15 kV, the Taylor cone was unstable, leading to spraying and thus defects 

on the fiber mat.   

In order to verify the incorporation of cells into the structure we performed DSC, 

FTIR, and EDS analysis, as well. As it can be seen from DSC plots of yeast cell 

electrospinning that yeast incorporated PVA have features characteristic of both PVA and 

yeast, thereby indicating incorporation of yeast cells into nanofibers (Figure 6). Additionally, 

we performed FTIR analysis and observed differences in the spectra obtained from the PVA 

sample and PVA/cell nanofibers (Figure 7). Finally, we conducted elemental analysis in 

where we suspected cell incorporation at a magnification of 80,000x. In the sample of 

PVA/cells, elemental analysis indicated the presence of phosphorous, sulfur, potassium, and 

silicon (Table 1) that were not present in a PVA only sample, indicating the presence of yeast 

cells [70].   

Finally, we examined the efficacy of the crosslinking treatment by observing the fiber 

structure after exposure to water (Figure 8).   
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3.1.2 Coaxial Cell Electrospinning 

An alternative approach to directly electrospinning the cells is coaxial electrospinning 

which eliminates the need for post-electrospinning crosslinking. We began by 

electrospinning a PCL shell around a core of cell suspension. However we were unable to 

obtain uniform fibers likely due to the large difference in the viscosities of the core and shell 

solutions. We attempted to overcome this issue by using a combination of PVA and cell 

suspension as the core with a PCL shell. We also did coaxial electrospinning with a 

combination of PEO and cells in the core with a PVA shell. SEM micrographs are shown in 

Figure 8. 

3.1.3 Cell Layering 

Our final approach to cell whole cell immobilization was entrapment of cells between 

nanofiber layers by cell layering. , After we produced multiple layer structures and placed 

them in growth medium, we split top and bottom layers of structure and observed under 

FESEM to see cell interactions with nanofibers (Figure 8). 

3.2 Viability Analysis of the Cells 

Viability of cells for cell electrospinning was examined with Live/Dead staining 

technique, with hemacytometer counting, and with cultivation of yeast cells for 24 hours 

period after dissolving cell incorporated nanofibers into growth media. In live dead staining 

test, cells were stained with staining kit and observed under fluorescent microscope. In 

cultivation test cells were cultivated for 24 hours period and we observed that the number of 
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cells was increased substantially. Viability was examined after electrospinning and after 

crosslinking in order to establish the effect of crosslinking on the viability. After both 

electrospinning and crosslinking, cell growth was seen during cell cultivation. Further, live 

dead staining tests indicate that cells were viable following electrospinning and vapor phase 

crosslinking. We performed a hemacytometer cell counting study on the cell incorporated 

PVA nanofiber mat in the absence of crosslinking by dissolving cell incorporated nanofibers 

in growth medium and counting the number of cells over time (1 hour intervals over 3 hours) 

under optical microscope using a hemacytometer. Growth curves of cells before and after 

electrospinning exhibit a similar trend as shown in Figure 9. Because of dilution in the final 

cell concentration after electrospinning initial cell numbers before electrospinning were 11. 5 

x 10
5
/ml, while it was 2.9 x 10

5
/ml after electrospinning.  

We applied Live/Dead staining test and overnight cultivation test for coaxial 

electrospinning and cell layering cases, as well. For cell layering, after electrospinning and 

placing in growth medium, we split the layers and analyzed the viability. As in cell 

electrospinning and crosslinking, cell viability was maintained during both cell layering and 

coaxial electrospinning. The Live/Dead staining shows live cells in red and dead cells in 

green. We note that we did not observe dead cells so we only display the red color live cells 

images in Figure 10.  

           3.3 Functionality of the Yeast Cells by eGFP Expression Analysis 

eGFP fluorescence can be used as a proxy for proper folding of the eGFP protein 

because this protein only fluoresces in the proper conformation. For control purposes eGFP 
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expression of yeast cells before electrospinning was examined. Gene expression on yeast cell 

surface [71] was induced and the cells were analyzed using flow cytometry (Figure 11). 

85.8% of the cells show eGFP positive fluorescence, confirming the proper folding of the 

eGFP protein on yeast cell surface. 

In further step, yeast cells were subjected to the cell electrospinning, crosslinking, cell 

layering and coaxial electrospinning. Polymer fibers were then added to SGCAA media for 

further growing of cells and eGFP expression. Cells that electrospun with PVA were 

dispensed into the media owing to the soluble dissolution of water soluble polymer 

nanofibers, whereas cells that electrospun with PCL and crosslinked cells were left with the 

nanofiber mats. Samples produced from abovementioned four techniques were induced for 

20-24 hours and then analyzed with fluorescent microscopy and flow cytometry.  

Using fluorescent microscopy (Olympus BX-61 optical microscope equipped with a 

transmitted- and fluorescence-mode) analysis, we used FITC 31001 filter system which has 

excitation of 430-530 nm and the emission of 515-575 nm and observed samples of six 

different yeast cells-nanofiber composite structures. In all cases, cell electrospinning, 

crosslinking, cell layering and coaxial, we obtained clear eGFP fluorescence in varied intense 

which can be seen in Figure 14. 

We used flow cytometry to confirm the viability of the yeast cells. Yeast cells sustain 

their viability and ability to surface express the eGFP protein after the cell layering process 

(Figure 12b) as about 83% of the cells express full length fusions. However, after cell 

electrospinning (Figure 12a), only a few cells (2.4%) showed positive eGFP fluorescence. If 

we electrospun for 1 hour and cultivated cells in YPD media for a day before placing them 

into SGCAA media, we obtained 63.8% positive eGFP fluorescence (Figure 13).  
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4. CONCLUSIONS 

This study reveals that incorporation and layering of yeast cells into electrospun 

nanofiber structures are feasible methods for cell immobilization. Live cells were obtained 

after cell electrospinning & vapor phase crosslinking treatments, cell layering, and coaxial 

electrospinning. Most suitable concentration and operation parameters for yeast cell 

electrospinning were established with systematic analysis. Functionality of nanofibers with 

yeast cells was tested with eGFP expression method and the eGFP protein displayed in all 

three cases showed fluorescence indicating proper conformation, thus promising results for 

potential biocatalysis applications.  
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Table 3.1 Elemental analysis results of pure PVA and yeast cells incorporated PVA 

nanofibers, values imply the number of each element counted under SEM 

  Pure PVA 

Yeast cells incorporated 

PVA 

   C 

 

12,968 

 

12,622 

 

O 

 

1,554 

 

1,665 

 

P 

 

N/A 

 

390 

 

S 

 

K 

 

Si 

N/A 

 

N/A 

 

N/A 

177 

 

346 

 

385 
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Figure 3.1 Scanning electron microscope (a) and optical microscope (c) images, with fiber 

size distribution charts (b) of nanofiber mat layers with (right)and without (left) yeast cells 

incorporation 
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Figure 3.2 Concentration effect on yeast cell electrospinning (Ratios were given based on 

cell suspension over polymer solution); a)1/10 (v/v) cs/ps, b) 1/8 (v/v) cs/ps, c) 1/6 (v/v) 

cs/ps, d) 1/3 (v/v) cs/ps, e) 3/5 (v/v) cs/ps, f) 6/7 (v/v) cs/ps 
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Figure 3.3 Feed rate effect on yeast cell electrospinning, a) 0.1 ml/hr, b) 0.35 ml/hr, c) 0.5 

ml/hr, d) 1 ml/hr 
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Figure 3.4 Tip to collector distance (TCD) effect on yeast cell electrospinning, a) 5 cm, b) 

12 cm, c) 15 cm, d) 20 cm 
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Figure 3.5 Electric field effect on yeast cell electrospinning, a) 8kV, b) 14kV, c) 15kV, d) 

17kV 

 

 

 

 

 

 



 

 

126 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.6 DSC Plots for pure yeast cells, pure PVA nanofibers, and yeast cells incorporated 

nanofibers 

 

 

 

 

 

 

 

 

 

 

 



 

 

127 

 

 

 

 

 
Figure 3.7 FTIR Plots for yeast cells incorporated and pure nanofiber mats 
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Figure 3.8 SEM micrographs of yeast cells included nanofiber composite structures, a) 

crosslinked pure PVA nanofiber mat after water soaking, b) crosslinked yeast incorporated 

PVA nanofiber mat after water soaking, c) top nanofiber mat layer of cell layering after 

splitting layers, d) coaxial electrospinning – PEO in the core, PVA on the shell, e) coaxial 

electrospinning – PEO & yeast mixture in the core, PVA on the shell, f) bottom nanofiber 

mat layer of cell layering after splitting layers 
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Figure 3.9 Hemacytometer cell counting results for yeast cell electrospinning; cells are 

viable and growing in both cases 
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Figure 3.10 Live Dead Staining Results; a) yeast cell electrospinning with PVA, b) yeast cell 

electrospinning with PVA after crosslinking, c) yeast cell layering with PCL – unattached, 

d)yeast cell layering with PCL - attached, e) yeast cell layering with PVA, f) coaxial 

electrospinning – PEO & yeast in the core, PVA on the shell  



 

 

131 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.11 Yeast surface display of eGFP protein. Uninduced cells (black histogram) were 

used as a negative control. Induced cells (gray histogram) were excited using a 488 nm laser. 

About 85.8% of cells express the eGFP protein on their cell surface confirming that the eGFP 

gene is properly folded. 
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(a) 

 
                                                                                         (b) 

 

Figure 3.12. Confirmation of yeast cell viability and eGFP cell surface expression using flow 

cytometry. Uninduced cells (black histogram) were used as a control. (a) Induced yeast cells 

after cell layering with PVA polymer show 82.6% eGFP Fluorescence confirming that the 

cells are still viable and express properly folded eGFP protein on their cell surface after the 

cell layering process.(b) In contrast, after cell electrospinning fewer cells (2.4%) show 

positive eGFP fluorescence 
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Figure 3.13 Yeast cell surface display after allowing growth in SDCAA medium for two 

days. Uninduced yeast cells (black histogram) and induced yeast cells from electrospinning 

after a two day growth; the cells were grown in YPD media for one day followed by SDCAA 

media for another day. Yeast cells show 63.8% positive eGFP fluorescence 
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Figure 3.14 Fluorescent microscope eGFP expression results, a) Cell electrospinning with 

PVA, b) Cell electrospinning with PVA after crosslinking, c) Cell layering with PCL-

unattached, d) Cell layering with PCL-attached, e) Cell layering with PVA, f) Coaxial 

electrospinning – PVA & yeast in the core, PCL on the shell 
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CHAPTER IV. 

 

ELECTROSPUN NANOFIBERS: EFFECTS OF LAYERING AND  

ECM MATERIALS INCORPORATION ON 3T3-L1 CELLS PROPAGATION 

 

 

 

 

Chapter IV is essentially a manuscript prepared for submission to Biomacromolecules. 
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Electrospun Nanofibers: Effects of Layering and ECM Materials  

Incorporation on 3T3-L1 Cells Propagation 

 

ABSTRACT 

Polymer nanofibers are promising structures for use as tissue scaffolds. Nanofibrous 

materials produced by electrospinning have a combination of unique properties that mimic 

the extracellular matrix, however it is possible to enhance their efficiencies in cell culturing 

by directly incorporating ECM materials into the nanofibers. In this study with the intention 

of testing the effects of the material composition and layering of nanofibrous materials in a 

biologically relevant format we choose a potential adipose tissue reconstruction model using 

3T3-L1 mouse fibroblast cells. In order to improve typical polymer nanofibers for use as 

tissue scaffolds, we incorporate (matrigel, fibronectin, and collagen) into PCL nanofibers and 

compare cell proliferation over a designated time using different combinations of the 

different ECM materials. We also compare single layer and double layer scaffold constructs. 

Among all the structures, the best proliferation rate was obtained with triple combination of 

matrigel, fibronectin, and collagen (MFC) materials incorporated nanofiber scaffold in high 

concentration level with double layering and HFIP solvent examined over a three days 

period.  
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1. INTRODUCTION 

Electrospun nanofibrous structures have recently gained popularity for use in various 

applications because of their high surface area to volume ratio, ability to be functionalized, 

pore interconnectivity and high porosity [1-7]. One such application entail the use of 

nanofibers as tissue scaffolds, wherein  several studies have been performed to examine 

different materials, to analyze the effects of different process conditions on scaffold structure 

and performance, and to obtain better structures which mimics the extra cellular matrix 

(ECM) for in vitro cell culturing studies [3, 8, 9-20]. In this study with the intention of testing 

the effects of the material composition and layering of nanofibrous materials in a biologically 

relevant format we chose a potential adipose tissue reconstruction model using 3T3-L1 

mouse fibroblast cells. Two types of layering were considered, single in which a layer of cell 

was introduced onto the surface of a nanofibrous mat, and double in which cells were 

sandwiched between two layers of nanofibrous mats. 

In tissue engineering applications, scaffolds as one of the major component, provides 

a suitable platform for cells to adhere, grow, migrate, and differentiate in vitro and repair 

defects with guiding tissue development in vivo [21-23]. The ideal scaffold material would 

posses biocompatibility, biodegradability, reproducibility, capability of carrying 

biomolecular signals, high porosity, low immunogenicity, non toxicity, large surface area to 

volume ratio, optimum fiber size and good mechanical properties [8, 24-27], and thus would 

resemble the natural extracellular matrix (ECM) [28, 29], the structural support for the 

animal cells which holds cells together. In order to provide a good living environment for 
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sensitive cells to grow and thrive, the material compositions and fabrication methods play 

vital roles [24, 30, 31]. In this sense, nanofibers are considered especially promising for 

tissue scaffolds because their size scale mimics the extracellular matrix [32].  

ECM which is located between connective tissue cells, helps regulate shape and 

activities of the cells, gives tensile strength and elasticity to the cells, and sequesters the 

cellular growth factors which are important in cell propagation [28, 33, 34]. Several studies 

on ECM and its role in the life cycle of the cells have therefore been undertaken [35-39]. 

Some studies have explored the function of ECM [40-42], while others focused on the effects 

of ECM materials on cell growth and proliferation [43-46]. Typical ECM materials in cell 

culturing studies have included fibronectin, vitronectin, laminin, collagen, GAGs 

(glycosaminoglycans) [47] and MATRIGEL, an artificial membrane matrix that is 

commercially available [48]. Studies regarding the effects of these materials on cell growth 

have either applied them individually as a coating onto a substrate or incorporated each into a 

substrate [44, 46]. There has also been a study comparing matrigel, collagen and fibronectin 

material when coated onto substrate [49], but no such comparison exists for these materials, 

either all three together or in pairs, when incorporated into substrate. In this study we 

performed several experiments to figure out the effects of layering, solvent type and use of 

ECM materials (matrigel, fibronectin, and collagen) as being incorporated into electrospun 

nanofiber mat structure on cell propagation. To improve cell viability during cell layering, 

determination of suitable solvent type is necessary, since the elimination of solvent residues 

[50, 51] may not be possible. To our best knowledge, the proposed cell layering approach in 

tissue engineering is still in its infancy with only one reported in the literature by Yang et. al. 
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[52], moreover, there is no comparative study on the efficiency of multilayering and single 

layering. 

Adipose tissue engineering, among many tissue engineering study fields, presents 

invaluable contributions for plastic and reconstructive surgery applications as well as 

therapeutic applications in the restoration and regeneration of other tissues such as bone, 

cartilage, muscle, liver tissues and so many others. While autografting of fat pads derived 

from adipose tissues has been used in plastic and reconstruction surgery for years, adipose 

tissue-derived adult stem cells has found many utilization possibilities in therapeutic 

applications [53-55]. In the field of plastic surgery, having success from autografting depends 

on having good proliferation rate of cells which means having suitable microenvironment at 

the grafting site. In this study, we examine the effects of electrospun nanofiber composition 

on the viability and proliferation of 3T3-L1 mouse fibroblast cells using cell layering 

techniques. We selected 3T3-L1 mouse fibroblast cells because they possess the adipogenic 

differentiation capabilities, can be cultured continuously, and are considered a good 

alternative to human fibroblast cells [56]. In order to improve typical polymer nanofibers for 

use as tissue scaffolds, we incorporate ECM materials (matrigel, fibronectin, and collagen) 

into PCL nanofibers and compare cell proliferation over a designated time using different 

combinations of the different ECM materials. The effect of the concentration of the ECM 

material in the fiber is also addressed. Using two different solvent systems we analyzed the 

effect of the solvent on cell viability and proliferation rate. Finally, we compare single layer 

and double layer scaffold constructs. 
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2. EXPERIMENTAL PART 

2.1 Materials 

Polycaprolactone (PCL, average molecular weight 50,000), Dimethyl Formamide 

(DMF), Chloroform, Hank’s Balanced Salt Solution (HBSS), HFIP (1,1,1,3,3,3-Hexafluoro-

2-propanol, Collagen from rat tail, and Trypan Blue were purchased from Sigma Aldrich. 

Dulbecco’s Modified Eagle’s Medium (DMEM) with HEPES, Thermo Scientific HyClone 

Fetal Bovine Serum (FBS), and Trypsin-EDTA were purchased from Fisher Scientific. L-

Glutamine, and Penicillin-Streptomycin were purchased from Cellgro Mediatech. Live/Dead 

viability/cytotoxicity kit for mammalian cells, DAPI (4',6-diamidino-2-phenylindole, 

dihydrochloride), and alamar Blue were purchased from Invitrogen. Fibronectin from human 

plasma and matrigel L-DEV free basement membrane matrix were purchased from BD 

Biosciences. 3T3-L1 mice fibroblast cells were purchased from American Type Culture 

Collection (ATCC) Bioresource Center and stored in liquid nitrogen. All materials were used 

as received. 

2.2 Cell Culturing 

3T3–L1 1
st
 passage fibroblast cells were thawed and placed in growth media.  

Subsequently, about 250,000 cells were placed into T-25 culture flask, and incubated at 37°C 

with 5% CO2. The cells were fed every three days and seeded every six days. The cells were 

harvested and passaged when they reached 70-80% confluent (approximately 5-6 x 10
4
 

cells/cm
2
), as determined by optical microscopy. Following trypsinizing, centrifuging, and 

resuspending cells into growth medium, some of the cells were placed into culture flask for 
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further passaging and some of them were transferred into a conical tube for further 

experimental use.  

2.3 Preparation of Polymer Solution with ECM Materials Mixture 

PCL (13 wt.%) was dissolved in DMF/Chloroform (30/70 w/w) by stirring at 60˚C 

until obtaining homogeneous solution. Similarly, PCL (10 wt.%) was dissolved in HFIP by 

stirring at 50˚C until homogeneous. Then PCL solution with ECM materials (matrigel, 

collagen, fibronectin) mixtures in different combinations and ratios (Table 1) were prepared 

by dissolving ECM materials in PCL. For the preparation of ECM materials-PCL polymer 

mixture, especially for Matrigel, in the absence of heat over night stirring was applied. To do 

this, PCL polymer pellets, solvent, and ECM material was mixed before producing polymer 

solution and stirred until obtaining homogenous solution.  

2.4 Electrospinning (Single layering & double layering) 

In this study we used two electrospinning approaches, producing single nanofiber 

layer and seed cells on top of it and producing two nanofiber mat layers in a continuous way 

and sandwich cells between layers. We called our first approach as single layering and 

second one as double layering. Basically, following polymer solution loading with or without 

ECM materials addition into a syringe and application of positive charge to the syringe 

needle and ground charge to the collector resulted with nanofiber formation due to whipping, 

stretching, and thinning of polymer solution in the electrical field. Our process parameters 

were 0.5 ml/hr feed rate, 15 cm tip to collector distance, and 9 kV voltage. In double layering 

case in a continuous up to down electrospinning process we produced first layer for 15 min 
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and after introducing cell suspension which contains 10
4 

cells / 20 ul onto a first layer, we 

produced second layer by electrospinnging for another 15 min to have sandwich type 

structure. While we put growth medium on double layered structure immediately after 

electrospinning, we put it on a single layered structure after seeding 10
4 

cells / 20 ul cell 

suspension and kept the structure in incubator for 1 hr to let cells adhere to the surface of the 

mat layer. 

It is important to note that we used following abbreviations throughout the text; 

S=single layer, D=double layer, m=low level of matrigel, M=high level of matrigel, f=low 

level of fibronectin, F=high level of fibronectin, c=low level of collagen, C=high level of 

collagen, and pure=no ECM material.  

2.5 Study Model 

This study consists of many combinations based on five different factors with 

replicates. Use of three different ECM materials, two different layering techniques, three 

days observation, two different types of solvent systems, and two different concentrations of 

ECM materials are our abovementioned five factors. We used different combinations of 

matrigel, collagen, and fibronectin with two different concentration level, low and high dose. 

We also produced single layer and double layer nanofiber mat layers and observed the 

change of proliferation rate over three days starting from the second day of the incubation. 

Lastly, we used two solvent systems, DMF/Chloroform and HFIP. In order to analyze the 

percentage reduction values we produced control samples for each case where there was no 

cell suspension introduced onto mat layers. Following production of electrospun mat layers 
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they were placed into 24-wells plates with control samples and incubated for four days 

experimental study (Table 2). For each 24-wells plate also one more replicate was tested. 

2.6 Cell Proliferation Analysis 

In order to compare the effects of ECM material, layering and solvent type on cell 

propogation we applied alamar Blue staining test. We, first, placed cell included nanofiber 

mats into 24-wells plates with introducing some growth medium, and kept them in incubator 

for a day. Next day we replaced growth medium with alamar Blue stain and kept in incubator 

for sometime. The time we required to keep in incubator was varied from three to eight hours 

depending on the color change in alamar Blue stain between control samples and tested 

samples. Then we pipetted three times 200 ul alamar Blue stain from each well of 24-wells 

plates and put into 96-wells plates and analyzed with a microplate reader. The basic 

mechanism of microplate reader was to give the absorbance difference of two different 

wavelengths for each well of 96-wells plates [46]. After staining the samples with alamar 

Blue, we analyzed the absorbance difference of two different wavelengths (570nm and 600 

nm) of the dyes. 

2.7 Characterization and Viability Analysis 

SEM images of high dose matrigel, fibronectin, and collagen incorporated nanofiber 

mats with PCL (in HFIP), high dose triple combination of ECM materials incorporated 

nanofiber mats with PCL (in HFIP), low dose triple combination of ECM materials 

incorporated nanofiber mats with PCL (in DMF/Chloroform), and pure PCL nanofiber mats 

(both in HFIP and DMF/Chloroform) were obtained. Observations were performed by 



 

 

144 

coating samples with approximately 10 nm of Au/Pd under Field Emission Scanning 

Electron Microscope (JEOL JSM-6400 F) at 5 kV. Abovementioned samples for SEM 

analysis were also used in DAPI and Live/Dead staining analysis with seeding cells on top of 

nanofiber mat structures. 

In order to visualize the distribution of cells on ECM materials incorporated nanofiber 

mat structures we applied DAPI staining. DAPI mainly used to stain live or fixed cells to 

give an idea about the response of cells in new environments by binding to cell DNA and 

become fluorescent [57, 58, 59]. In order to perform DAPI staining we used DAPI 

dihydrochloride solution, dimethylformamide (DMF) and phosphate-buffered saline (PBS). 

To prepare a 5 mg/ml DAPI stock solution (14.3 mM), we dissolved the content of one vial 

(10 mg) in 2 ml DMF. Later on, we diluted DAPI stock solution to 300 nM in PBS. After 

adding around 100 or 150 µl of dilute DAPI staining solution on our samples we incubated 

them for 5 minutes in a dark environment and analyzed under fluorescent microscope.  

Cell viability analysis was performed after electrospinning and before alamar Blue 

reduction tests for some of ECM materials incorporated nanofiber structures and pure 

nanofiber mats following seeding cells on top of mat structures. Live/Dead 

Viability/Cytotoxicity Kit for Mammalian Cells from Invitrogen was used in our study which 

includes two components 4 mM Calcein AM in anhydrous DMSO and 2mM Ethidium 

Homodimer-1 (EthD-1) in DMSO/H2O 1:4 (v/v). We first combined PBS, EthD-1 stock 

solution and calcein AM stock solution in appropriate proportions. We then mixed the cell 

suspension and staining solution directly on a coverslip. Finally, the samples were observed 

under Leica fluorescent inverted microscope (Leica DM IL LED).  Under green light, dead 

cells appeared red and under blue light live cells appeared green. 
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2.8 Statistical Analysis 

Statistical analysis was performed with SAS software program using P-values less 

than 0.05 considered as statistically significant. We performed three different analyses to 

understand the effects of parameters and two of them were analyzed with straight split-plot in 

time model [60, 61] and one of them was analyzed with mixed-effects model [62]. 

In our first analysis, it compares the efficiency of single ECM materials on cell 

proliferation, using two layering treatments and two concentration levels. Plates 1a and 1b 

were used to test whether there are effects of materials, layering, concentration, and time, 

using only single-material treatments and only HFIP solvent. There are 12 ―whole plot‖ 

treatments, combinations of 3 materials (fibronectin, matrigel, and collagen), 2 concentration 

level (high and low doses) and 2 layerings (single, double) and 3 ―sub-plot treatments‖; i.e., 3 

times (2, 3, 4 days). This analysis model can be classified as split-plot in time model. 

Our second analysis includes the comparison of two solvent systems (HFIP and 

DMF/Chloroform mixture). Thus it used results from 6 plates as follows: 

Plates 1a and 1b: fibronectin with HFIP, matrigel with HFIP, and collagen with HFIP 

Plates 2a and 2b: pure nanofiber with DMF, mfc with DMF, fibronectin with DMF, matrigel 

with DMF, and collagen withDMF 

Plates 3a and 3b: pure nanofiber with HFIP, and mfc with HFIP 

In this analysis, mixed-effects model was testing the effects of solvents, materials, 

using random plate to plate variation. Time effects were also tested and the model was fitted 

using SAS proc mixed with following specifications; 

Class material solvent plate time; 

Model result=solvent material material*solvent time time*material time*solvent 

time*material solvent / ddfm=kenwardroger; 

Random plate(solvent) material*plate(solvent); 
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Our third analysis was based on the comparison of pure nanofiber mat to triple 

combinations of ECM materials incorporated nanofiber mat, using two layering treatments. 

This analysis used just plates 3a and 3b and compares the pure nanofiber treatment to mfc 

and MFC treatments. There are 6 ―whole plot‖ treatments, combinations of 3 materials (pure, 

mfc, and MFC) and 2 layerings (single, double) and 3 ―sub-plot treatments‖; i.e., 3 times (2, 

3, 4 days). Thus this is a straightforward split plot experiment. 

3. RESULTS & DISCUSSIONS 

3.1 Nanofiber Production and Characterization 

We began by electrospinning PCL and the ECM materials in various combinations 

and characterizing the resulting fibers using SEM. Analysis revealed that both concentrations 

of ECM materials and combinations of two and three were successfully incorporated into 

electrospun nanofiber scaffolds. Characteristic SEM images of the nanofiber mat structures 

are shown in Figure 1. The incorporation of the ECM materials into the nanofibers affected 

the electrospinnability of the solutions. As seen in the SEM micrographs, there is significant 

difference on nanofiber morphology when using HFIP or DMF/Chloroform solvent. PCL in 

DMF/Chloroform produces fibers with 2 micron or higher at lower voltages, it produces 

beaded structures at higher voltages. The average fiber diameter was 240 ± 130 nm fiber size 

with pure PCL – DMF/Chloroform polymer; however, the structure had beads and fused 

fibers. When we incorporated mfc, we obtained large structures of various shapes instead of 

uniform fibrous structures. When PCL in HFIP was electrospun with all combinations of 

ECM materials, we achieved uniform nanofibers. Pure PCL fibers were the largest with an 
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average diameter of 1014 ± 193 nm fiber size, and the smallest fibers (213 ± 44 nm) occurred 

with the addition of MFC. This trend was also true in the case when all three ECM materials 

were incorporated into the same electrospinning solution. From this results it can be said that 

incorporation of M significantly help reducing the size of the fibers both in single treatment 

and in triple combination cases.  

3.2 Live/Dead – DAPI Staining Results 

Initially we verified the viability of the cells on the nanofiber mat structures using 

DAPI staining and Live/Dead staining. Using DAPI staining, we are able to distinguish cell 

clusters from the nanofiber structure under optical microscopy. Because DAPI is a 

fluorescent nuclear stain which stains nuclei of cells and the cells appear blue color under a 

fluorescent microscope. It can be seen from the images that there are different cell densities 

available on different material compositions (Figure 2 & 3). Using both DAPI staining and 

Live/Dead staining, we qualitatively observed that HFIP solvent supported cell proliferation 

better then DMF/Chloroform mixture. We also observed that MFC incorporated HFIP 

structure qualitatively appeared to result in higher proliferation rates than pure PCL. Similar 

results were obtained with the other ECM materials.   

3.3 Statistical Analysis 

To support our qualitative findings, we performed statistical analysis.  According to 

percentage reduction test results and SAS statistical analysis results we obtained valuable 

results about effects of ECM materials, layering type, solvent type, concentration level, and 

time on cell growth and proliferation. Our experimental model was based on the use of three 
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24-wells plates and two replicates for each of them at where the first plate contains single 

ECM materials, second plate contains single, double, and triple combinations of ECM 

materials with pure nanofibers, and third plate contains triple combinations of ECM materials 

with pure nanofibers. We measured percentage differences in reduction between treated and 

control cells in cytotoxicity/proliferation assays for all six plates over three days starting 

from 2
nd

 day. Average values of alamar Blue percentage reduction test results can be seen in 

Table 3, which were calculated from the mean values of three days and two replicates of total 

six treatments. On the other hand, statistical analysis results provided us better comparison 

opportunity about treatments and their interactions with each other.  

3.3.1 Effect of ECM material 

Among many other ECM materials we incorporated collagen, fibronectin, and 

matrigel into nanofibrous scaffolds because of their highly responsive behaviors towards cell 

growth and proliferation in mammalian cell culturing. We used in our study pure nanofibers, 

nanofibers with single ECM materials, and nanofibers with different combinations of two 

and three of the ECM materials. Independent of layering type, solvent type, and 

concentration level first plate showed that fibronectin supported cell growth better than 

collagen and matrigel in day 2 and day 3; however in day 4, matrigel demonstrated explicitly 

higher support in cell growth than other two. According to percentage reduction test results, 

while fibronectin and collagen materials displayed increase in proliferation rates in day 3 and 

decrease in day 4, matrigel displayed consistent increase in proliferation rates over a 3 day 

period. When we analyzed our results statistically, it revealed that while there are no 

significant differences among materials (p-values > .2), there is a significant time effect (p-
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value < .0001) which depends on the material type (i.e. there is a material x time interaction). 

In second plate, we used combinations of two materials and according to reduction test 

results all combinations displayed similar trends and consistent values with the plate 1. Like 

fibronectin and collagen materials used in plate 1, double combinations in plate 2 displayed 

increase in day 3 and decrease in day 4 in terms of proliferation rates. Moreover, there are 

significant differences among the 5 material treatments (pure nanofiber, three single ECM 

materials, and triple combination of materials) (p = .0004), especially between pure nanofiber 

and other treatments. Statistical analysis of third plate was a straightforward split plot design 

experiment which exposes significant difference between pure nanofiber and triple 

combination of materials like second plate (p < .0001). The effect of time also showed 

significant difference for different materials (time p-value = .005, time x material p-value < 

.0001). Overall, based on these results incorporation of ECM materials into nanofibers either 

in single form or in combination form improved the efficiency of the scaffold structures to 

support better cell growth and proliferation in comparison with pure nanofiber mats. Among 

all of the treatments, the best results were obtained with the triple combination of ECM 

materials incorporation (Figure 4).  

3.3.2 Effect of Concentration 

Since ECM materials are expensive to manufacture [63], we wanted to examine the 

effect of concentration by performing experiments with two different concentrations 

(designated low and high). We analyzed ECM materials incorporated into PCL-

DMF/Chloroform complex only for lower concentration levels. We found that concentration 

does affect cell proliferation (p-value = .003, High concentration > Low concentration). The 
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highest differences between the concentrations were observed for matrigel while the lowest 

differences were observed for fibronectin. Similar results were obtained with combinations of 

two and three ECM materials incorporation cases (Figure 5). 

3.3.3 Effect of Layering 

We also compared single and double layer structures. According to statistical analysis 

results there are no significant differences between single and double layered structures in 

plate 1 (Table 1) (p-values > .2). However, when compared over three days, double layered 

structures supported cell proliferation better than single layered structures. We obtained the 

same result with the combination of three ECM materials (in plate 3), double layering shows 

better proliferation rate in every case (Figure 6). We also analyzed the time effect and 

material type effect on efficiencies of layering for plate 3. According to statistical analysis 

results for plate 3, there is no significant effect of time on layering as a two-factor interaction 

(p-value = .62) and no significant effect on material x layering as a three-factor interaction 

(p-value = .54). Moreover no significant effect of material type on layering was found for 

plate 3 (p-value = .47). These results suggest that double layering works better in cell 

culturing studies than single layering and one possible explanation may be that the double 

layered structures more closely resembles a natural environment.  

3.3.4 Effect of the Solvent 

Finally, we evaluated the effect of the solvent.  We previously tested the effects of 

solvent type on the viability of mouse fibroblast cells with Live/Dead viability assay for 

DMF/Chloroform mixture and HFIP solvents. In that analysis we found that HFIP appeared 
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to be a better solvent than DMF/Chloroform (Figure 7). However, we needed to verify our 

findings by analytical methods. Our statistical analysis indicates that cell proliferation was 

better when HFIP was used as the solvent (p-value = .027). In terms of percentage reduction 

results, estimated mean value for DMF/Chloroform mixture was 29.12, whereas HFIP was 

34.97. In addition to this, statistically significant two-factor interaction for solvent type with 

time (p-value < .0001) and significant three-factor interaction for solvent type with time and 

material type (p-value = .042) were found. It can be clearly seen from the graph that HFIP 

solvent is superior for all materials (Figure 8). 

4. CONCLUSIONS 

Our primary goals in this study were to compare the efficiencies of three ECM 

materials (matrigel, fibronectin, and collagen) individually and in combination on cell 

propagation, and to test the efficiencies of single layering and double layering. We also 

examined the effects of time, concentration level and solvent type on cell propagation. Using 

a range of approaches from alamar Blue percentage reduction, staining, to SEM analysis, we 

found that for a single type material incorporation, all three materials showed similar results, 

however in three days performance matrigel showed better results than the other two. While 

single and double layering didn’t show significant difference for single material treatments, 

we found better propagation in triple combination incorporation for double layering than 

single layering. The effect of solvent type in cell propagation was clearly understood and the 

superiority of HFIP in both small fiber size production and better cell proliferation were 

proven. Higher concentration levels produced better results as anticipated but there is a limit 

for concentration in terms of electrospinnability. It is impossible to go beyond a limit since it 
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prevents fiber formation or produces beaded structures. While most of the treatments showed 

increase in day 3 and decrease in day 4, only triple combination of ECM materials with HFIP 

and matrigel with HFIP showed increase in all 3 days period. As a result, the best scaffold 

structure we produced in this study was triple combination of ECM materials (MFC) 

incorporated nanofiber mat with PCL – HFIP polymer system, in high concentration level, 

with double layering approach.  
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Table 4.1 Amounts of ECM materials that was added in polymer solution for different 

combinations; in each case with HFIP and DMF solvents use, total mixture was prepared as 

being 4 mg with the addition of polymer solution (Note that S=single layer, D=double layer, 

m=low level of matrigel, M=high level of matrigel, f=low fibronectin, F=high fibronectin, 

c=low collagen, C=high collagen, and pure=no ECM material. Also each of the combinations 

is repeated with and without cells) 
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Table 4.2 Sample distribution into 24-well plates (Note that S=single layer, D=double layer, 

m=low level of matrigel, M=high level of matrigel, f=low level of fibronectin, F=high level 

of fibronectin, c=low level of collagen, C=high level of collagen, and pure=no ECM 

material. Also each of the combinations is repeated with and without cells) 
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Table 4.3 Alamar blue percentage reduction test results from the values of three days and 

two replicates with averaging six treatments for each value 

 

  F M C MFC f m c mfc pure 

          
HFIP, S 40.14 39.56 39.23 45.31 37.10 36.72 35.15 36.09 29.81 

HFIP, D 40.46 40.79 39.41 46.55 38.56 37.47 37.09 37.81 32.71 

DMF, S N/A N/A N/A N/A 29.37 30.32 29.65 29.53 26.71 

DMF, D N/A N/A N/A N/A N/A N/A N/A N/A N/A 
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Table 4.4 Statistical analysis results based on three statistical analysis models (split-plot 

design and mixed-effects model) 

 

Analysis Results P-value 

   

1 

there are significant differences among concentrations p = 0.003 

no significant differences among materials or between layerings p > .2 

there is significant time effect depends on the material p < .0001 

no other interactions with time 

 
   

2 

HFIP results are significantly higher than DMF results p = .027 

there are significant differences among the 5 material treatments p = .0004 

there are significant two-factor interactions (material x time and solvent x time) p1 = .015 

p2 < .0001 

there is significant three-factor interaction (material x solvent x time) p = .042 

   
3 

there are significant differences between two layerings, double > single p = .013 

higher concentration level produces better results than lower level and pure nanofiber p < .0001 
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Figure 4.1 SEM micrographs of pure and ECM materials incorporated PCL nanofibers. a) 

high concentration level fibronectin incorporated in PCL – HFIP nanofiber (319±110 nm), b) 

high concentration level matrigel incorporated in PCL – HFIP nanofiber (241±63 nm), c) 

high concentration level collagen incorporated in PCL – HFIP nanofiber (555±159 nm), d) 

pure PCL – HFIP nanofiber (1014±193 nm), e) high concentration level triple combination of 

ECM materials (MFC) incorporated in PCL – HFIP nanofiber (213±44 nm), f) pure PCL – 

DMF/Chloroform nanofiber (241±130 nm, but full of beaded structure), g) low concentration 

level triple combination of ECM materials (mfc) incorporated PCL – DMF/Chloroform 

nanofiber (fiber size couldn’t be calculated) 
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Figure 4.2 DAPI staining images of pure and ECM materials incorporated PCL nanofibers. 

a) high concentration level fibronectin incorporated in PCL – HFIP nanofiber, b) high 

concentration level matrigel incorporated in PCL – HFIP nanofiber, c) high concentration 

level collagen incorporated in PCL – HFIP nanofiber, d) pure PCL – HFIP nanofiber, e) high 

concentration level triple combination of ECM materials (MFC) incorporated in PCL – HFIP 

nanofiber, f) pure PCL – DMF/Chloroform nanofiber, g) low concentration level triple 

combination of ECM materials (mfc) incorporated PCL – DMF/Chloroform nanofiber 
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Figure 4.3 Live/Dead staining images of pure and ECM materials incorporated PCL 

nanofibers. a) high concentration level fibronectin incorporated in PCL – HFIP nanofiber, b) 

high concentration level matrigel incorporated in PCL – HFIP nanofiber, c) high 

concentration level collagen incorporated in PCL – HFIP nanofiber, d) pure PCL – HFIP 

nanofiber, e) high concentration level triple combination of ECM materials (MFC) 

incorporated in PCL – HFIP nanofiber, f) pure PCL – DMF/Chloroform nanofiber, g) low 

concentration level triple combination of ECM materials (mfc) incorporated PCL – 

DMF/Chloroform nanofiber 
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Figure 4.4 Comparison of pure and ECM materials incorporated PCL – HFIP nanofiber 

structures on cell proliferation efficiency. ECM materials here were used in high 

concentration levels and the graph shows the percentage reduction values of samples which 

are generated from alamar Blue test. Higher values mean better support for cell propagation 
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Figure 4.5 Comparison of concentration effects between ECM materials incorporated PCL – 

HFIP nanofiber structures on cell proliferation efficiency. On the graph M indicates matrigel, 

F indicates fibronectin, C indicates collagen, and MFC indicates triple combination of ECM 

materials. Concentration levels were highlighted with high and low in parenthesis. Higher 

values mean better support for cell propagation  
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Figure 4.6 Comparison of layering effects between pure and ECM materials incorporated 

PCL – HFIP nanofiber structures on cell proliferation efficiency. On the graph F indicates 

high concentration level fibronectin, M indicates high concentration level matrigel, C 

indicates high concentration level collagen, and MFC indicates high concentration level triple 

combination of ECM materials; S indicates single layering and D indicates double layering. 

Higher values mean better support for cell propagation 
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Figure 4.7 Viability of cells over time following cell layering with PCL using 

DMF/Chloroform and HFIP; A indicates the unattached cells in between PCL layers 

(DMF/Chloroform), B indicates the attached cells in between PCL layers (HFIP), and C 
indicates the attached cells in between PCL layers (DMF/Chloroform) 
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Figure 4.8 Comparison of solvent type effects between pure and ECM materials 

incorporated PCL – HFIP and PCL – DMF/ Chloroform nanofiber structures on cell 

proliferation efficiency. On the graph f indicates low concentration level fibronectin, m 

indicates low concentration level matrigel, c indicates low concentration level collagen, and 

mfc indicates low concentration level triple combination of ECM materials, and p indicates 

pure nanofiber; H indicates HFIP solvent system and D indicates DMF/Chloroform solvent 

system. Higher values mean better support for cell propagation  
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CHAPTER V. 

 

CONCLUSIONS & RECOMMENDATIONS FOR FUTURE WORKS 
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1. CONCLUSIONS 

1.1 Concluding Remarks 

In this dissertation two newly developed electrospinning techniques, cell 

electrospinning and cell layering, have been proposed for generating nanofiber biocomposite 

structures containing active cells for applications in tissue engineering and biocatalysis. 

Additionally, conventional electrospinning techniques utilizing a single needle and coaxial 

electrospinning set up have been used to compare and then further improve the efficiency of 

cell immobilization and cell propagation within the electrospun nanofiber structures. Our 

study explores the effects of using different materials for the production of nanofibrous 

structures, PVA with water and PCL with three different solvent systems, a mixture of DMF 

and chloroform, acetone, and HFIP; and two cell lines, 3T3-L1 mouse fibroblast cells and 

yeast cells. We began this study by analyzing the feasibility of producing nanofibrous 

structures containing immobilized mammalian cells using four different electrospinning 

techniques and solutions of PCL in various solvents. If production was successful, we studied 

the viability of the immobilized cells. For instance, where the cells were no longer active 

after electrospinning, we investigated several process parameters to quantify their influence 

on cell death. In another study, we incorporated three ECM materials, matrigel, fibronectin, 

and collagen, within the nanofiber biocomposite structures and investigated the efficacy of 

the ECM materials, separately and in combination with another, on cell propagation. In 

addition, we compared the effects of single versus multiple layering, solvent type (DMF/ 

Chloroform mixture and HFIP), and time on the proliferation of 3T3-L1 mouse fibroblast 
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cells within the nanofibrous structures. Similar experiments were performed to investigate 

the feasibility of four electrospinning techniques for producing nanofiber biocomposites 

incorporating yeast cells. After successful production, the viability of the yeast cells and 

functionality of the polymer/yeast composites were studied.  

Some of the major findings of this study are summarized as below.  

 When electrospinning using mammalian cells, we found that directly electrospinning 

a polymer/cell solution produced a nanofiber composite with inactive cells. However, 

when using the cell layering technique, the 3T3-L1 mouse fibroblast cells remained 

alive. Although we thought high voltage was the main cause of cell death, test results 

showed that dehydration and fiber stretching to be the main factors in determining 

cell viability.  

 Cell death due to dehydration might be prevented by concurrently introducing growth 

medium onto the nanofiber polymer/cell scaffolds during the electrospinning process. 

We electrospun directly onto the growth media rather than onto foil and saw 15 – 

25% of the cells remained active, which has been shown in previous reports. 

Unfortunately, it would be impossible to completely elimination of cell deaths since 

fiber stretching is essential to the electrospinning process.  

 In the cell layering study with 3T3-L1 mouse fibroblast cells, using HFIP as the 

polymer solvent significantly increased the viability of the cells, resulting in 80% of 

the attached cells still active, compared to only 50% when using a mixture DMF and 

chloroform as the solvent. 
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 In the ECM materials study, the scaffold structure with the highest cell viability 

utilized a high concentration of all three ECM materials (MFC) with a PCL – HFIP 

polymer system, with a double layering approach over three days period. 

 Our study with yeast cells reveals that incorporating cells into the nanofibers and 

layering the cells onto the electrospun nanofiber structures are both feasible methods 

for cell immobilization. Cells remained viable after cell electrospinning and vapor 

phase cross-linking treatments, cell layering, and coaxial electrospinning studies. 

Functionality of the nanofibers incorporated with yeast cells was tested using the 

eGFP expression method and yielded promising results for various biocatalysis 

applications. A large viscosity difference between the cell suspension and polymer 

solution limited the use of coaxial electrospinning for producing nanofiber 

biocomposites. Additionally, cell electrospinning requires the use of cross-linking as 

an additional processing step, which may be undesireable. As a result, we believe cell 

layering may be the best method for the production of electrospun nanofiber 

structures with immobilized yeast cells. 

 

2. RECOMMENDATIONS FOR FUTURE WORKS 

Possible applications for functional nanofibers with yeast cells include various 

biocatalysis fields such as water remediation, biosensors for toxicity detection, and the 

production of some enzymes following cell immobilization from newly developed 

electrospinning techniques with gene cloning approach which is otherwise inaccessible and 

irreproducible. Other areas specific to mammalian cells may be to generate organ tissues 
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such as bone, cartilage, or blood vessels by using of scaffolds produced via our proposed 

electrospun nanofiber cell layering approach. Our recommendations for future investigators 

and scientists include: 

 In both the biocatalysis and tissue engineering studies, it is necessary to work with 

different polymer systems and cell lines to verify the results and compare efficiencies 

of different materials. In this regard, in tissue engineering, human fibroblast cells and 

in biocatalysis Eschericia Coli bacteria might be used with PLA polymer system.  

 In the tissue engineering study, nanofibers produced via coaxial electrospinning could 

be collected onto growth medium instead of aluminum foil to possibly improve cell 

viabilities, since cell electrospinning into growth medium gave us around 15 to 25 % 

viability.  

 In the cell layering approach, it may be beneficial to simultaneously spray the cell 

solution onto the electrospinning fibers instead of introducing the cell suspension in 

between the nanofiber mat layers.   
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Figure A.1 Hematoxylin statining on pure PCL nanofibers and 3T3-L1 mouse fibroblast 

incorporated PCL nnofibers, verification of cells incorporation purpose 
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Figure A.2 Confocal microscopy images of yeast cells, verification of cells incorporation 

purpose 
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Figure A.3 Schematical view of yeast cell – protein binding 
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Figure A.4 SEM micrograph of yeast cell layering 
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Figure A.5 Regio-, Chemo-, Stereo-, Enantioselectivities 
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Figure A.6 Hemacytometer (left), hemacytometer grids (right) 

 

 

 

 

 

 

 

 

 

 

 

 


