
ABSTRACT 

WANG, MEIJI. Preparation and Application of Hybrid Electrospun Scaffolds of Polyaniline and 

Polycaprolactone. (Under the direction of Dr. Jessica M. Gluck). 

 

Scaffold-based tissue engineering has been widely used in recent years and conducting 

polymers (CPs) have become a hot topic of research for researchers today due to their ability to 

induce enhanced tissue growth. Polyaniline (PANI), one of the most widely studied CPs, needs to 

be prepared by mixing with other polymers. In this study, nanofibers based on polycaprolactone 

(PCL)-PANI blends were used to prepare scaffolds by electrostatic spinning technique, and 

physical and biological properties were tested on these scaffolds to confirm the good stability and 

biocompatibility of corneal endothelial cells (CEndoCs) on the scaffolds. 
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CHAPTER 1. Introduction 

1.1 Background 

Tissue engineering, an innovative strategy in modern biomedicine, aims to repair and 

restore damaged tissues by incorporating scaffolds, cells, and other bioactive cues into functional 

tissues (Chan & Leong, 2008a). The goal is to assemble functional structures to restore, maintain 

or improve damaged tissues or whole organs. In the selection of scaffold materials for tissue 

engineering, researchers in recent years have preferred composite materials to obtain scaffolds that 

can be more suitable for cell growth by combining multiple materials. Flexible poly(ε-caprolactone) 

(PCL), which has good biodegradability and biocompatibility, has been studied as an important 

scaffold material. Conducting polymers, as ion-electrically active organic polymers, combine the 

optical and electrical properties of metallic and inorganic semiconductor materials with the 

versatility and processability of synthetic polymers (Guimard et al., 2007; Jeon et al., 2019). 

Several typical conducting polymers, such as polypyrrole (PPy), polyaniline (PANI), and poly 

(3,4-ethylenedioxythiophene) (PEDOT), are currently used as biomaterials for Tissue Engineering 

approaches due to their ability to modulate the functions of different cellular phenotypes. 

Conductive polymer-based bioscaffolds have been shown to better promote cell differentiation and 

viability (Baniasadi et al., 2015; Liu et al., 2011; Prabhakaran et al., 2011), where PANI is used as 

the main polymer in TE due to its easy synthesis, good electrical conductivity, and chemical 

stability properties. However, the use of PANI in Tissue Engineering support is limited by its weak 

processability, mechanical behavior, and biodegradability (Balint et al., 2014). To better utilize 

PANI, in this study, PANI was mixed with conventional biodegradable PCL and the samples were 

prepared by electrostatic weaving method. The attachment, viability, and proliferation of corneal 
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endothelial cells in (CEndoCs) on PANI-PCL hybrid scaffolds were cultured to explore their 

application in tissue engineering. 

 

 

 1.2 Goals and Objectives 

The goal of this study was to prepare PANI-PCL electrospun scaffolds by electrostatic 

spinning and evaluate their mechanical, physical, and biocompatible properties. The biological 

properties of the sample scaffolds were evaluated by comparison with PCL electrospun scaffolds 

after seeding CEndoCs on the scaffolds. 

Summary of specific objectives 

1) To prepare PANI-PCL hybrid scaffolds by electrospinning 

2) To evaluate the pore size distribution and filament diameter of the sample scaffolds 

using SEM image analysis. 

3) Evaluate the elemental composition of the application by using FTIR-ATR analysis. 

4) Evaluate the fracture strength of the sample scaffold by Tensile Test. 

5) Evaluate the light transmission of the sample scaffold by Transparency Test. 

6) By Live/Dead staining to see the human corneal endothelial cell's survival on the 

scaffold. 

7) Evaluate cell proliferation by alamarBlue, which measures the metabolic activity of the 

human corneal endothelial cells and shows whether the cells are actively growing and proliferating. 

8) By immunocytochemistry, look for ZO-1, a gap junction protein unique to corneal 

endothelial cells, to assess whether the cells are functioning properly. 

9) Using SEM image analysis to see how the cells interact with the fibers. 
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1.3 Outline of Thesis 

This thesis is divided into five chapters, which present the background, experimental 

design, methods and procedures, results, and study conclusions. 

The first chapter describes the background of tissue engineering, and the purpose and 

objectives of the study  

Chapter 2 reviews corneal diseases, the classification of materials for tissue-engineered 

scaffolds studied and the scaffold method prepared using PANI-PCL mixed using electrostatic 

spinning is discussed. 

Chapter 3 describes the methods and materials used in this study, including electrostatic 

spinning parameter settings, and mechanical and biological tests. 

Chapter 4 presents the results of all tests and discusses potential reasons for the possible 

results of the results. 

Chapter 5 presents the conclusions and achievements of this study and discusses prospects. 
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CHAPTER 2. Literature Review 

2.1 Introduction 

This literature review discusses the materials being studied for the preparation of scaffolds 

in corneal tissue engineering and their applications in tissue engineering, focusing on the methods 

and applications for the preparation of scaffolds co-blended with conductive polymers and other 

polymers. The main topics include corneal tissue engineering, material sources of scaffolds, 

preparation techniques, and properties of co-blended scaffolds. The material selection of stents 

prepared from solutions of polyaniline (PANI) blended with polycaprolactone （PCL）, which is 

currently relatively new and promising, will be discussed. 

Corneal disease is the leading cause of vision loss. The construction of corneal equivalents 

to replace pathologic corneal tissue is important and urgent due to the severe shortage of fresh 

donor corneas and the unknown risk of immune rejection of traditional xenografts (Luo et al., 

2013). Corneal tissue engineering has thus become a common strategy for corneal replacement. 

The development of scaffolds to mimic the extracellular matrix (ECM) is a critical issue in 

tissue engineering. The ECM is a heterogeneous connective network of fibrous glycoproteins that 

coordinate in vivo to provide the physical scaffolding, mechanical stability, and biochemical cues 

necessary for tissue morphogenesis and homeostasis in vivo (Kim et al., 2016). The proper 

functioning of cells requires the construction of artificial scaffolds under different criteria. In this 

experiment, we hope to prepare artificial scaffolds with mechanical properties close to natural 

ECM, non-toxicity, good biocompatibility, good surface activity, pore size and porosity close to 

natural ECM, and good electrical conductivity. Biomaterials can be flexible enough to meet 

different criteria to optimize cell proliferation, differentiation, and migration. In this experiment, 

PANI and PCL biomaterials were taken for the cultivation of corneal cells. PCL as a biomaterial 
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is widely used in tissue engineering because of its stability, biocompatibility, excellent mechanical 

properties, and low cost. Although PCL fibers mimic the properties of the extracellular matrix in 

living tissues, their poor PCL hydrophobic properties lead to reduced cell adhesion, migration, and 

proliferation. Therefore, other substances need to be added to improve its hydrophobic properties. 

PANI, one of the most widely studied conductive polymeric materials, can induce additional cues 

that can enhance tissue growth. However, it needs to be blended with other polymers to be 

processed by conventional techniques. 

 

 
2.2 Corneal Diseases 

The cornea is the colorless, clear, multilayered tissue at the very front of the eye and is an 

important tissue that affects vision. The cornea consists of five different layers: corneal epithelium 

(outermost layer), Bowman's layer, stroma, Descemet membrane, and corneal endothelium 

(innermost layer) (Kong & Mi, 2016). It protects the iris and lens and helps focus light on the 

retina. The cornea is made up of cells, proteins, and water. According to the World Health 

Organization, the total number of people with vision problems worldwide has reached 285 million, 

of which 6 million are totally blind, and 90% of these patients live in low-income countries 

(Whitcher et al., n.d.). Of this number, 5.1%, or about 1.9 million, are related to the cornea. (The 

Patient, 2009).  Corneal disease is the second leading cause of vision loss due to direct contact 

with the outside world, vulnerability to trauma, viral infections, and genetic lineage diseases. The 

main corneal diseases are corneal scars caused by scratches, allergic conjunctivitis, keratitis, dry 

eye, pinch bun dystrophy, and ocular herpes. (Illinois eye center, n.d.). More of these corneal 

diseases can be treated with prescription eye drops and pills, and when the corneal disease is in 

advanced stages, laser treatment, artificial cornea or corneal transplantation is required. Laser 
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therapy is usually used to treat corneal dystrophy. Corneal dystrophy is an eye disease that involves 

changes in the cornea (the clear front layer of the eye). Corneal transplantation is usually performed 

by removing the damaged portion and replacing it with healthy corneal tissue (from a donor), and 

artificial corneas are often used in place of corneal transplants, which can be used to replace the 

damaged cornea. 

 Corneal transplantation is currently one of the main treatments for corneal disease, but the 

shortage of fresh donor corneas, the subsequent risk of rejection with traditional corneal 

transplantation, and the short life span of the graft limit the treatment of corneal disease. Therefore, 

how to cure corneal diseases and improve the cure rate has become a key direction for researchers 

today. 

    

Figure 2.1 Five-layer Structure of Cornea. 
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There are five layers of the cornea: corneal epithelium, Bowman's layer, corneal stroma, 

Descemet's membrane, and corneal endothelium. The corneal endothelium is a simple squamous 

or hypo cubic monolayer, approximately 5 μm thick, of mitochondria-rich cells. These cells are 

responsible for regulating fluid and solute transport between the aqueous and corneal stromal 

compartments (Numa et al., 2020). 

 

 

2.3 Tissue Engineering 

Tissue engineering is a technique for reconstructing or repairing organs and tissues through 

in vitro culture or construction using biologically active traits, as proposed by Langer and Vacanti: 

it is a comprehensive discipline that combines engineering and natural sciences to develop 

biomaterials to repair, replace, and enhance human organs and their functions (Langer & Vacanti, 

n.d.). Tissue engineering is becoming an alternative to organ transplantation due to graft rejection, 

shortage of donor organs, and short graft lifespan of traditional transplantation. Cells, scaffolds, 

and growth information are the three major elements of tissue engineering. Cells are the most basic 

structural units that make up biological tissues, and therefore cells occupy an important position 

in tissue engineering. The scaffold is the framework material used to support the growth of a cell 

into a complete tissue. Common types of scaffolds are membranes, fibrous meshes, foams, and 

gels. Growth information（Cell signaling） is the various methods used to direct and coordinate 

the activities of tissue cells. In tissue engineering, there is scaffold-based tissue engineering with 

the introduction of signaling molecules (Boontheekul & Mooney, 2003; Schäffler & Büchler, 

2007). Scaffold-based tissue engineering involves the culture of cells on a scaffold that is 

eventually transplanted back into the patient as an alternative to conventional transplantation. The 

method of introducing growth information molecules refers to the introduction of signaling 
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molecules, such as growth factors, to induce the production of new tissue. Currently, research in 

the field of tissue engineering is focused on scaffold-based approaches. Scaffold-based tissue 

engineering does not require animals to grow the cellular tissue, so the possibility of immune 

rejection is greatly reduced. The main cells used are somatic cells, adult stem cells, embryonic 

stem cells, pluripotent stem cells, and bioengineered cells. In contrast, the process of cell culture 

can be performed in the laboratory, which is highly workable, low cost, quantifiable culture, and 

more controllable.  

、

 

Figure 2.2 Examples of Specific Types of the Three Elements in Tissue Engineering 

(cells, scaffolds, and growth information). 
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2.3.1 Corneal Tissue Engineering 

Contemporary approaches to corneal tissue engineering include the following: 

(1) located in the whole corneal tissue layer: collagen-chitosan hydrogel materials using 

pigs as an animal model (Rafat et al., 2008); dendritic polymer cross-linked collagen hydrogels for 

in vitro studies (Duan & Sheardown, 2006); poly(ethylene glycol)/poly(acrylic acid) hydrogels 

with a peripheral skirt (Fagerholm et al., n.d.); fibrin agarose hydrogels (Alaminos et al., 2006); 

cross-linked recombinant human type III collagen (Griffith et al., 1997; F. Li et al., 2003; Liu et 

al., 2011b); cell-free porcine corneas (Laminos et al., 2006); and cell porcine cornea (Luo et al., 

2013) 

2) in matrix: surface patterned filament membrane (Bron, 2001); magnetically aligned rat 

tail type I (Torbet et al., 2007); collagen/proteoglycan hydrogel (Mimura et al., 2008); gelatin 

hydrogel (Mimura et al., 2008); poly (l,d lactic acid) (Wilson et al., 2012 ); porous surface 

patterned silk membranes (Gil et al., 2010); poly(ester) urea (J. Wu et al., 2013). 

3) Epithelium: heat responsive cell culture (Mi et al., n.d.); rat tail type I collagen hydrogels 

(Levis et al., 2013; Mi et al., n.d.-b); chemically cross-linked collagen hydrogels 2 (Duan & 

Sheardown, 2006b); patterned silk membranes (Lawrence et al., 2012). Keratin membranes (Feng 

et al., 2014; Reichl et al., 2011). 

4) Endothelium: decellularized human posterior elastic membrane (Honda et al., 2009); 

gelatin hydrogel (Watanabe et al., 2011); hydroxyethyl chitosan, gelatin and chondroitin sulfate 

(Teichmann et al., 2013); chitosan-poly (ethylene glycol) hydrogel film (Ozcelik et al., 2013); heat 

responsive cell culture (Levis et al., 2012); dense collagen hydrogel (Liang et al., 2011). 

Tissue engineering principles have been used extensively in recent years for corneal tissue 

equivalents from the entire corneal tissue layer, stroma, epithelial cells, and endothelial cells. 
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These corneal tissue engineering methods are used to ultimately prepare corneal tissue equivalents 

in a clinical setting by using different biomaterials to replace donated corneas. 

 

 

2.3.2 Scaffold-based Tissue Engineering 

Scaffold-based tissues are specifically designed and prepared for growing cells. Selected 

cells are seeded on the scaffold and grown in specific cell culture medium to support and maintain 

the desired tissue. Scaffold materials mimic the ECM of natural tissues and have the following 

functions in tissue engineering: 

1) The structure and morphology of the scaffold material controls the structure, size and 

morphology of the regenerated tissue, serves as a framework for connecting cells and tissues, and 

guides the growth of the tissue into a specific morphology (Chan & Leong, 2008). 

2) Acts as a carrier of signaling molecules to the site of the defect and as a retarder to allow 

slow action of the inducing factors, providing a space on which engineered tissues can be directed 

for regeneration and growth of tissues (nerves, bone, blood vessels) (Han et al., 2020). 

3) Acts as a site for tissue reproduction and differentiation and metabolism, delivering 

nutrients for cell growth and eliminating waste products (Chan & Leong, 2008). 

4) It acts as a mechanical support, resisting external pressure and maintaining the original 

shape and integrity of the tissue (Chanet & Martin, 2014). 

 

 

 

 

 



   

11 

 

2.3.3 Properties of An Ideal Scaffold 

The ideal tissue engineering scaffold should have the following properties. (Garrudo et al., 

2019) 

Table 2.1 Characteristics of An Ideal Tissue Engineering Scaffold. 

Properties Benefits 

Have good biocompatibility 

and surface activity 
Facilitates cell adhesion 
Non-toxic 
Does not cause inflammatory response 
Provides a good microenvironment for cell growth 
Safe for use in humans (Loh & Choong, 2013; Nikolova & 

Chavali, 2019) 

Appropriate pore size and 

porosity 
Facilitates cell adhesion and growth 
Facilitates transport of nutrients and excretion of metabolites 

(Loh & Choong, 2013; Nikolova & Chavali, 2019; Wu et al., 

2022) 

Suitable mechanical strength 

and plasticity 
Can be machined to the desired shape 
Retains its shape for a certain period after implantation (Amini 

et al., 2012; Yang et al., 2019) 

Good electrical conductivity Enhances proliferation 
Promotes migration and differentiation of various cell types 

(Garrudo et al., 2019) 
Can encourage electrical resistance and actional potential 

propagation 

 

In tissue engineering of the cornea, the ideal scaffold is also due to the properties of the 

cornea itself. In addition to the basic characteristics of tissue-engineered stent materials, the ideal 

stent should also have a certain degree of transparency, refractive power, low scattering effect on 
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light, and the ability to transmit and flex light. At present, there is no material that can fully possess 

these characteristics. 

 

 

2.4 Materials for Tissue Scaffold Engineering 

The materials used for the preparation of tissue engineering scaffolds are determined by 

the type of tissue to be cultured. For different tissue types, scaffolds interact with different cells. 

Therefore, the need for scaffold properties varies, which leads to differences in the materials used 

for scaffold preparation. Biocompatibility and anti-immunogenicity are important factors in the 

selection of scaffold preparation materials. Other factors are necessary in some cases depending 

on the type of tissue to be cultured, such as electrical conductivity and biodegradability. Overall, 

the materials used for scaffold preparation can be divided into two main categories: natural and 

synthetic materials. 

 

Figure 2.3 Classification of Material Sources Used to Prepare Tissue Engineering scaffolds. 
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2.4.1 Natural Materials 

Natural materials are those derived from plants or animals (Hanumantharao et al., 2017). 

Natural polymers have good biodegradability, biocompatibility, and anti-inflammatory properties, 

making them suitable for the manufacture of tissue engineering scaffolds. The porosity, 

mechanical strength and electrical charge of the scaffold can modify the properties of the polymer, 

including its concentration, yield strength and ductility (Toong et al., 2020). In addition, the 

performance of scaffolds made from polymers can be improved by adding additives, such as 

nanoparticles with targeting properties. Aradmehr et al. in their study on the incorporation of silver 

nanoparticles in scaffolds based on lignocellulose films and chitosan hydrogels, the prepared 

scaffolds were line modified to enhance multifunctional properties, and the study confirmed that 

the addition of silver nanoparticles improved the solubility and antibacterial properties of the 

scaffolds. As well as a study by Mokhtari et al. the incorporation of gold nanoparticles bound to 

chitosan hydrogel-based scaffolds improved the cytocompatibility on the scaffolds (Aradmehr & 

Javanbakht, 2020; Nezhad-Mokhtari et al., 2020). Commonly used natural polymers for tissue 

engineering applications can be classified into protein-based and carbohydrate-based scaffolds. 

Animal protein-based biomaterials: These are classified as tissue-based and blood-based, 

depending on the location of the protein. 

1) Proteins in tissues: such as collagen and gelatin are components of natural human ECMs 

(Aamodt & Grainger, 2016; Parenteau-Bareil et al., 2010). They are also composed of many ECM 

proteins, so they are used as scaffolds that mimic the three-dimensional microenvironments present 

in tissues. 
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2) Proteins in blood: e.g., fibrinogen has good mechanical properties, elastic modulus and 

cell recognition making it a competitive scaffold material (Dhandayuthapani et al., 2011; Yeo et 

al., 2015). 

3) Proteins in silk: e.g. For example, silk protein, which is a natural polymeric fibrous 

protein extracted from silk, is a natural protein polymer produced by spiders and insects (Kaplan 

et al., n.d.). It is mainly composed of silk protein and silk gliadin. It also has good cytocompatibility 

and histocompatibility due to its ultra-micro-physical structure and special porous structure. 

4) Based on proteins from plants: e.g., bran of wheat is more soluble in solvents due to its 

lower net negative charge and lower hydrophobicity (Alzuwaid et al., 2020). 

5) Carbohydrate-based scaffolds, polysaccharide-based polysaccharides can be classified 

as plant and animal based on their origin. Plant-based polysaccharides such as alginate (An et al., 

2017) have good mechanical properties, are biocompatible and easily accessible. Animal-based 

polysaccharides such as chitosan, hyaluronic acid (Gabbay et al., 2018) and their derivatives have 

antimicrobial properties, low immunogenicity, high mechanical strength and can be made into 

biodegradable scaffolds. 

 

Table 2.2 Advantages and Disadvantages of Natural Materials. 

Advantages Examples 

Biocompatible, biodegradable, and non-toxic, 

with good hydrophilicity of cells. 

Good biodegradability, easy recognition by 

cells and cell binding reaction. 

1. Polypeptide- and protein-based: collagen, 

fibrin, fibrinogen, gelatin, silk, elastin, 

myosin, keratin, and actin. 
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Table 2.2 (Continued). 

 2. Polysaccharide-based: chitin, chitosan, 

alginate, hyaluronic acid, cellulose, 

agarose, dextran, and 

glycosaminoglycans. 

3. Polynucleotide-based: DNA, linear 

plasmid DNA, and RNA (Ogueri et al., 

2019; Prasadh & Wong, 2018). 

Disadvantages Examples 

Poor mechanical strength, which is difficult to 

meet the demand for mechanical properties of 

scaffolds in tissue engineering. 

 

1. Collagen 

2. Alginate 

3. Fibrin 

4. Gelatin (Bhattarai et al., 2018) 

The degradation time of natural materials is 

uncertain, and it is difficult to control the 

degradation time after transplantation. 

 

1. Matrigel (Rophael et al., 2007) 

Paper-based bioactive scaffold (Park et al., 

2014). 

2. Paper-based bioactive scaffold (Park et 

al., 2014) 
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Table 2.2 (Continued). 

Natural materials based on animal proteins 

have the risk of immune rejection and virus 

infection (Stoppel et al., 2015). 

 

1. Collagen 

2. Gelatin 

3. Fibronectin 

4. Keratin 

5. Fibronectin 

6. Eggshell membrane (Chen & Liu, 

2016) 

Natural materials have large molecules and are 

not suitable for application in many specific 

cases. 

 

1. Cellulose 

2. Chitosan 

3. Pectin 

4. Alginate (Bačáková et al., 2014) 

The extraction cost of natural materials is high. 

 

1. Natural Hydroxyapatite (Heidari et al., 

2015) 

2. Silk protein (Biswal et al., 2022) 

 

 
2.4.2 Synthetic Materials 

Synthetic materials can be broadly classified as ceramics, polymers and metals. Synthetic 

biodegradable polymeric materials have more advantages over natural materials in terms of 

homogeneous material texture and high resistance to immune rejection, making them a reliable 

source of scaffold materials for tissue engineering today. In addition, synthetic materials have 

simple and clear structure and properties due to their polymers with basic structural units and have 
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higher tunability to adjust molecular weight and control surface charge, which is more conducive 

to the unfolding of tissue engineering. 

Bioceramics have controllable porosity and rapid cell binding properties, thus becoming a 

hot tissue engineering scaffold material. However, bioceramics are brittle and therefore are often 

not used alone, but in combination with other polymers, while making the most of both materials. 

Usually, bioceramics are added as fillers or coatings to polymeric matrices to improve their 

mechanical properties, i.e., to increase strength and stiffness as well as to effectively induce 

enhanced bioactivity (Mohamad Yunos et al., 2008).  Bioglass, calcium phosphate, and coral all 

fall into the category of ceramic products. 

Among polymers, polyesters and copolymers are the two major classifications. Polyester 

mainly includes. PCL, polyethylene glycol (PGA) and polylactic acid (PLA) (Kalsi et al., 2021) 

have all been used in FDA-approved medical devices. These polyesters are highly biodegradable 

and can change their molar ratio with the help of technology to improve their mechanical properties 

and degradability. Porous scaffolds composed of poly (LLA-co-DXO), poly (LLA-co-CL) and 

poly (L-propylene-co- ε-caprolactone) (PLPCL) have also been tested and further compared for 

bone tissue engineering applications (Nagam Hanumantharao et al., 2019). The reason for the use 

of copolymers as materials for tissue engineering applications is their highly controllable 

physicochemical properties. Gel kinetics, material properties, and crosslinking density can be 

easily controlled by tuning their block structure, molecular weight, crosslinking patterns, and 

degradable bonds (Drury & Mooney, 2003). 

Metal scaffolds have high fracture toughness and high mechanical strength and are 

typically used in tissue engineering where high mechanical strength is required, such as in 

orthopedics and dentistry. Bioactive titanium mesh has been successfully used in spinal fusion 
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surgery (Zdeblick & Phillips, n.d.) and magnesium metal in the preparation of scaffolds for 

craniofacial tissue engineering (Tao et al., 2019).  Metallic biomaterials have the limitation of 

releasing toxic metal ions due to corrosion, which can lead to allergic and inflammatory reactions 

in the body. 

 

Table 2.3 Advantages and Disadvantages of Synthetic Materials. 

Advantages 
Examples 

Good degradability, histocompatibility, 

biocompatibility, no cytotoxicity, good 

plasticity, no pyrogenicity, and no 

teratogenic mutagenicity. 

1. Bioactive ceramics, such as HA, 

tricalcium phosphate (TCP)  (Hench, 

n.d.) 

2. Resorbable polymers：PLA, PGA, 

polycaprolactone (PCL), polyethylene 

oxide (PEO) (Boccaccini & Blaker, 

2005)  

Disadvantages  Examples 

Hydrophobic 
1. Hydrophobicity：Polycaprolactone 

(PCL) (Boccaccini & Blaker, 2005) 

Poor cell adhesion 
1. Poor cell adhesion：Hydrogel (Lee & 

Mooney, 2001) 
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2.5 Biocomposites 

The biochemical properties of any single material cannot meet the requirements of tissue 

engineering; therefore, it has become a trend in the current research of tissue engineering scaffolds 

to composite different materials together by certain means so that their advantages and 

disadvantages complement each other and further improve their excellent properties. 

Biocomposites combine the features of a single material and integrate the characteristics of each 

to make them more versatile. Because the advantages of two or more materials can be combined 

to better meet the mechanical and physiological needs of the host tissue, biocomposite scaffold 

materials have become the focus of current tissue engineering research. Biocomposites are new 

materials made of a composite of two or more materials with different physicochemical properties, 

generally consisting of a matrix material and a reinforcing material. Biocomposites combine the 

advantages of the materials used and improve the disadvantages of a single material so that they 

are designed to be more conducive to the cultivation needs of the desired tissue engineering. 

 

 

2.6 PCL Based Electrospun Scaffold 

PCL is a synthetic aliphatic polymer with properties such as stability, biocompatibility, 

excellent mechanical properties, and low cost (Ahmadi et al., 2019). The use of PCL in tissue 

engineering scaffold manufacturing is widespread, and in the last decade, PCL has been one of the 

most important electrotextile polymers (Christen & Vercesi, 2020). PCL has some significant 

differences in physical properties from other aliphatic linear polyesters such as PGA and PLA. As 

shown in Figure 2.4, PCL was prepared by ring-opening polymerization of ε-caprolactone using 

catalysts such as stannous octanoate. A variety of catalysts can be used for the ring-opening 

polymerization of caprolactones. 
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Figure 2.4 Synthesis of ε-caprolactone from a simple cyclic compound (Labet & Thielemans, 

2009). 

 

PCL has some rheological and viscoelastic properties that allow it to be formed by a variety 

of scaffold fabrication techniques. PCL is a hydrophobic semi-crystalline polymer with a glass 

transition temperature of -60°C and a low melting point range of 59° to 64°C. It also has better 

viscoelasticity than other biodegradable polymers, making it easy to manufacture and manipulate 

into a variety of structures (microspheres, fibers, micelles, films, nanofibers, foams, etc.). It can 

also be easily blended with other polymers to produce copolymers with different physicochemical 

properties and biodegradability (Christen & Vercesi, 2020). The ease with which polymeric 

materials can be adapted to different scaffold fabrication techniques is a property that should not 

be underestimated. 

Although PCL fibers mimic the properties of the ECM in living tissues, PCL has poor 

hydrophobic properties and is prone to reduced cell adhesion, migration and proliferation 

(Declercq et al., 2013; Song et al., 2007; Wong et al., 2014). Therefore, PCL is often combined 

with natural polymers to enhance cellular responses (Jaiswal et al., 2013). Surface modification 

techniques can modify the chemical and/or physical properties of a surface by modifying the 

existing surface or coating it with a different material. However, the optimal degree of surface 
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hydrophilicity depends on the cell type and the specific surface modification method applied. The 

four main surface modification methods for PCL include the following: 

1) Plasma treatment, which improves hydrophilicity by forming oxygen-containing groups 

on the surface. (Licciardello et al., 2021; Maffei et al., 2020) 

2) Chemical treatment of PCL using reagents such as sodium hydroxide (NaOH) ) 

(Bosworth et al., 2019; Zhou et al., 2020). 

3) Coating or adsorption of natural ECM proteins to introduce cell recognition sites to 

improve cell-biomaterial interactions (Aamodt & Grainger, 2016; Parisi et al., 2020). 

4) Mixing bioactive components to provide signals for cellular materials. Such as gelatin 

binding: gelatin is a denatured form of collagen that contains cell recognition sites to improve cell 

seeding and adhesion. Scaffolds made from a mixture of gelatin and PCL show higher mechanical 

strength and plasticity. In addition, scaffolds made from PCL and gelatin showed considerable 

support for adhesion and proliferation of primary human corneal stromal cells (hCSCs) (Rose et 

al., 2019; Hu et al., 2019). 

 

 

2.7 Polyaniline (PANI) 

PANI is a biocompatible, semi-conductive polymer also known as aniline black. It is also 

known as aniline black. It exists in different oxidation states, from fully oxidized it exists in 

different oxidation states, from fully oxidized (pernigraniline), semi-oxidized (emeraldine) to fully 

reduced (leucoemeraldine). In the polymerization of aniline monomers, PANI is produced in one 

of three perfect oxidation forms. In the polymerization of aniline monomers, as shown in Figure 

2.5, PANI is produced in one of three perfectly oxidized forms (Gospodinova, N.,1998): (a) 

leucoemeraldine, (b) emeraldine (salt/base), and (c) pernigraniline. PANI exists in two different 
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forms: (i) the fully reduced form, which contains only (i) the fully reduced form, which contains 

only the benzenoid ring; and (ii) the fully oxidized form, which contains the benzenoid ring and 

the quinone ring as repeating units. Under acidic conditions, the fully oxidized state of 

pernigraniline predominates. 

 

Figure 2.5 Basic PANI in three dissimilar types (0 ≤ x ≤ 1) (Gospodinova, N.,1998). 

The resonance structure of this polymer changes in the presence of a protonic acid such as 

camphorsulfonic acid (CSA) from the quinone-rich emeraldine (blue) form to the benzene-rich 

emerald salt (green) form (Ghasemi-Mobarakeh et al., n.d.; Li et al., 2006; Qazi et al., 2014), which 

is electrically conductive, and the mechanism of conduction is through the movement of electrons. 

The mechanism of conduction is through the movement of electrons in the 7i bond. It has been 
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widely used in a wide range of technical applications. The combination of SiO2, SnO2, etc. with 

PANI results in stable colloidal dispersions suitable for biomedical applications (Azioune et al., 

1999). Scientists have developed nanocomposites using Cu2O nanoparticles in PANI to improve 

the optical, mechanical and electrical properties.Kondawar (Kondawar et al., 2009) prepared 

nanocomposites by incorporating ZnO in the PANI matrix and found that their electrical 

conductivity increased in the nanocomposites. He also found different electrical conductivity of 

nanocomposites, which was related to the variation of polymer doping state. Currently, many 

researchers have described metal oxide/polymer nanocomposites and their combination, 

embedding or mixing of metal oxides in polymers, resulting in improved thermal stability and 

optical properties such as absorption, electrical conductivity and oxidation resistance of metal 

oxides (Vijaya Kumar et al., 2001). PANI has been shown to be biocompatible (Humpolíček et al., 

2018; Yslas et al., 2015) and has been used to produce thin films (Qazi et al., 2014; Thrivikraman 

et al., 2014), electrospun fibers and hydrogels for cell culture applications. PANI provides a 

method for fabricating electroactive scaffolds and therefore has been used as a means of 

manufacturing cardiac, corneal, vascular, and skeletal muscle scaffolds as composite materials. 

 

 

2.7.1 PCL-PANI Based Scaffold 

Conductive polymers have been shown to sustain cell growth (Qazi et al., 2014) and 

conduct electrical stimuli to cultured cells. Common classes of organic conducting polymers 

include polyacetylene, polypyrrole (PPY), polythiophene, PANI, and poly (p-phenylene vinylene). 

When used in neural tissue engineering scaffolds, conducting polymers enable direct and 

electrically tunable cell stimulation while exhibiting better mechanical properties than metal-

derived biomaterials (Liu et al., 2011b; Prabhakaran et al., 2011). In addition, conducting polymers 
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are easily fabricated and processed into any three-dimensional (3D) structure suitable for the 

requirements of the target tissue, giving these materials desirable properties as potential therapeutic 

materials for diseases. A particularly useful conductive polymer is PANI. PCL is often mixed with 

other polymers due to its poor hydrophobicity. The good biocompatibility and biodegradability of 

PCL, as well as the fact that hydrolysis of PCL does not create a local acidic environment that 

could damage cell growth, make PCL a good choice for use with the conductive polymer PANI. 

Making PCL a core material for blending with the conductive polymer PANI to facilitate the 

processing of PANI, optimizing the parameters during processing to obtain a good and ideal 

scaffold. Usually, the mixture of PANI and PCL is electrostatically spun to make homogeneous 

fibrous scaffolds. Therefore, the blend of PANI with PCL is also expected to create biocompatible 

and conductive scaffolds for tissue engineering. However, the optimal ratio of PCL to PCL 

required to exploit the conductive properties of PANI zero is the focus of current research. 

 

 

2.8 Electrospinning 

Electrospinning is a special fiber manufacturing process in which a polymer solution or 

melt is jet spun in a strong electric field. Under the action of the electric field, the droplets at the 

tip of the needle change from spherical to conical (i.e., "Taylor cone") and are extended from the 

tip of the cone to obtain fiber filaments. In this way, polymer filaments of nanometer diameter can 

be produced. Electrostatic spinning has become one of the main ways to effectively prepare 

nanofiber materials because of its simple manufacturing equipment, low spinning cost, wide 

variety of spinnable materials, and controllable process. In the field of tissue engineering, 

nanofibers can mimic the structure and biological functions of the natural ECM due to their smaller 

diameter than cells. Most human tissues and organs are similar to nanofibers in form and structure, 
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therefore, the use of nanofibers for tissue and organ repair provision has become possible; some 

electrospun raw materials have good biocompatibility and degradability, which can be used as 

carriers into the human body and easily absorbed; coupled with electrospun nanofibers also have 

large specific surface area, porosity and other excellent characteristics, therefore, their field of 

tissue engineering has attracted Therefore, it has attracted continuous attention of researchers in 

the field of tissue engineering and has been well applied in this field. 

By changing the different preparation methods, such as changing the structure of the nozzle 

and controlling the experimental conditions, the resulting scaffold will have different physical and 

mechanical properties. But electrostatic spinning technology in fiber structure regulation still faces 

some challenges: First, to achieve the industrial application of electrostatic spinning fiber, it is 

necessary to obtain like staple or continuous nanofiber bundles, the preparation of oriented fibers 

to solve the problem provides an effective way, but there are still many gaps from the goal, the 

future work will try to improve the nozzle, receiving device and the addition of auxiliary electrodes. 

Improving single-needle nozzles, multi-needle electrostatic spinning offers another direct way to 

increase productivity using hollow needle arrays. (SalehHudin et al., 2018; F. L. Zhou et al., 2009) 

Needles can be arranged in linear arrays by arranging them in straight lines (C. H. Park et al., 2014) 

or by placing them in special layouts (e.g., circular, elliptical, triangular, square, or hexagonal 

patterns after simultaneously ejecting multiple jets from the needle. Improvement of the receiving 

device from a tin-foil plate collector to a conductive solid’s collector. The conductive solids 

collector can be used in stationary or mobile mode. For the stationary collector, it can regulate the 

distribution of the electric field so as to guide the deposition of nanofibers in two different ways 

(Xue et al., 2019): ( i ) patterning the surface of conductive substrates with specific structures and 

( ii ) forming patterns by combining different substrates with different conductivity. Based on 
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conductive collectors, various types of structures (e.g., protrusions, micropillars, and micropores) 

can be introduced to attract highly charged nanofibers. (Ding et al., 2009; Zhao et al., 2013) For 

example, nanofibers are preferentially deposited on the tips of conical microprotrusions coated 

with gold patterned on a planar conductive substrate (Ding et al., 2009). To improve the stability 

of multiple jets, an auxiliary electrode can be introduced near the tip to generate a secondary 

electric field between the tip and the electrode to neutralize the repulsion between the jets. In this 

way, multiple jets can be stabilized with high uniformity between them and the cured fibers can 

be deposited in highly concentrated areas. For example, rings (Xie & Zeng, 2012) and plates (Yang 

et al., 2010) are introduced separately to facilitate the production of homogeneous fibers. Another 

approach relies on the help of sheath gas to reduce the critical voltage required for jet emission, 

thus reducing the surface charge density on the jet. As a result, the repulsion between jets can be 

mitigated, leading to the uniform deposition of uniform fibers. 

Future work will seek to improve the nozzle, receiving device and the addition of auxiliary 

electrodes to make the fibers as straight and oriented as possible to obtain a comprehensive 

performance of the oriented fiber array. Second, to improve the performance of electrostatic 

spinning fiber membrane in the field of ultra-fine filtration applications, it is necessary to reduce 

the diameter of the fiber, how to reduce the average diameter of the fiber to less than 20 nm is a 

challenge for electrostatic spinning technology; to improve the performance of fiber applications 

in the field of sensors, catalysis, etc. The preparation of nanofibers with porous or hollow structure 

to improve the specific surface area of fibers is an effective method, but further research is still 

needed. 
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2.8.1 Parameters Affecting Electrospinning 

Factors affecting electrospinning： 

Molecular weight of the polymer, molecular weight distribution and molecular structure 

(branching, linearity, etc.). Higher molecular weights increase the resistance of polymers to solvent 

solubilization (Electrospinning Process, n.d.). The molecular weight of a polymer has a direct 

effect on its viscosity (Electrospinning Process, n.d.), and in addition, increasing the molecular 

weight may affect the size and shape of the pores. For example, increasing the molecular weight 

of polystyrene (PS) leads to larger, more inhomogeneous shaped pores (Casper et al., 2004). 

Solution properties (concentration, viscosity, conductivity, surface tension, liquid flow, 

etc.). The maximum fiber length and diameter increase with increasing polymer concentration 

(Casper et al., 2004). R. Rošic et al. found a correlation between the polymer solution properties 

and the electrospinning properties of the solution and the morphology of the resulting nanofibers 

by studying the rheology of the polymer solution at the bulk and at the interface (Rošic et al., 2012).  

Viscosity: viscosity is a measure of the resistance to material flow and is one of the most effective 

variables for controlling fiber morphology (Electrospinning Process, n.d.). Generally, solution 

viscosity is related to the degree of entanglement of polymer molecular chains in the solution 

(Zong et al., n.d.) Since the solution viscosity is too low, electrospraying may occur and polymer 

particles rather than fibers may be formed, whereas at lower viscosities where polymer chain 

entanglement is usually low, the likelihood of obtaining beaded rather than smooth fibers is higher 

(Electrospinning Process, n.d.). For high-viscosity solutions, it acts as a fiber jet flow to the 

collector (Zong et al., n.d.) The solution conductivity increases the possibility of process problems, 

such as the formation of three-dimensional structures and the appearance of larger micro-sized 

fibers. Luo et al. (C. J. Luo et al., 2012) demonstrated the effect of dielectric constant on 
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electrospun polycaprolactone solutions. In this study, electrospun nanofibers were obtained from 

polycaprolactone (PCL) solutions when the dielectric constant of the solvent system at 20°C was 

close to -19 and above. Solvent systems with dielectric constants below this value produced micron 

diameter PCL fibers or electrospray. 

The magnitude of the electric potential. "Strength": an increase in electrostatic spinning 

voltage may change the initial droplet shape (Zong et al., n.d.). Several studies have shown that 

this effect depends on the type of polymer. For example, Thompson et al. showed that the length 

and diameter of the fiber decreased with increasing voltage at all data points, but only the fiber 

diameter decreased at a significant desired level (Electrospinning Process, n.d.). 

Distance between nozzle and collection screen. Megalski et al. (C. J. Luo et al., 2012) 

found that, although there was no significant change in fiber size, after reducing the working 

distance by only 5 cm, elongated beads began to form along the PS fibers in an inhomogeneous 

distribution. However, the effect of separation distance on the final cross-sectional fiber diameter 

was not reported by all sources (Thompson et al., 2007).  

Environmental parameters (temperature, humidity, and room air flow rate). "Relative 

humidity": the effect of humidity on the diameter of nanofibers is variable; for example, whenever 

the humidity increases, the average fiber diameter of nanofibers increases. "Temperature": for pure 

liquid systems, the surface tension of the liquid decreases as the temperature increases and rises; 

the equilibrium between surface tension and vapor pressure decreases (Electrospinning Process, 

n.d.). 

Spout needle shape, size. The diameter of nanofibers decreases as the diameter of the 

nozzle orifice decreases (Katti et al., 2004; Macossay et al., 2007) 
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2.9 Conclusion 

Neither natural materials nor single polymeric materials can meet the specific scaffold 

preparation requirements in tissue engineering, so it is more desirable to select scaffold materials 

that better fit the experimental purpose based on the properties of the tissue cells to be cultured. 

The preparation of scaffolds by blending the conductive polymer PANI with PCL has the 

advantages of both materials and can improve the disadvantages of both materials, which is a 

potential solution for tissue engineering research nowadays. The ratio of PCL and PANI blends, 

the protocol of electrospinning process, and the characterization of tissue cells on the prepared 

scaffolds, mechanical properties, bioactivity, etc. are to be investigated. 

Recent years have primarily explored endothelial layer engineering using natural polymer 

substrates, including type I collagen, gelatin, decellularized tissue, chitosan, and chondroitin 

sulfate, which showed evidence of functional endothelial formation (Ozcelik et al., 2013). Few 

studies have explored endothelial layer engineering using synthetic materials, so this experiment 

will explore the results of engineering the corneal endothelium using PANI-PCL composite 

scaffold. 
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CHAPTER 3. Materials and Methods 

This section provides a detailed review of the materials used to fabricate and characterize 

the scaffolds, as well as to analyze the biocompatibility of the scaffolds. Methods and processes 

for scaffold preparation are outlined, and methods for scaffold characterization are briefly 

described. 

 

Figure 3.1 Experimental Design. 

 

 

3.1 Materials used 

15 mg of PANI astragaline (Mw = 100 kDa, Sigma Aldric) was dissolved with 19 mg of 

(1S)-(+)-10-camphorsulfonic acid (CSA, 99% purity, Sigma Aldrich) in 3 mL of 1,1,1,3,3,3-

hexafluoroisopropanol-d2 (HFP, 99% purity, Carlo Erba Reagents, Milan, Italy) in a CSA:PANI 

ratio according to Qazy et al. (Qazi et al., 2014b) and called Solution A. CSA is a small acid that 

is commonly used for doping PANI (Mawad et al., n.d.). The addition of organic acid CSA imparts 

a certain solubility and high conductivity to PANI (Angelopoulos et al., 1988). The solution 

obtained after dissolution of PANI with CSA was placed in an ultrasonic machine treated with 20 

kHz sound waves (Sonics VibraCell VCX 130PB) for 3 min and then placed on a magnetic stirring 
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vessel for 4 h to obtain solution A (Licciardello et al., 2021). Solution B was obtained by dissolving 

400 mg PCL (M n = 80 kDa, Sigma Aldrich) with 400 mg Gelatin (bovine skin, type B powder, 

Bloom number 225) in 2 mL HFP at a ratio of 1 to 1. Gelatin is added to the PCL solution to help 

overcome the hydrophobicity of PCL and encourage cell adhesion to the scaffolds. Solution A was 

poured into viscous Solution B and placed in a stirrer overnight. These scaffolds are called “PANI-

PCL'' throughout the study.  400 mg PCL and 400mg Gelatin were dissolved in 5 mL HFP and 

used as a solution for control samples (10% wt/v) and these scaffolds are called “PCL'' scaffolds 

throughout the study. The same concentration of gelatin is added to both scaffold groups for 

consistency. 

 

 

3.1.1 Electrospinning set-up 

The distance from the tip of the control syringe pump to the collector was kept at 0.16 m. 

In a closed chamber, the relative humidity at the time of the experiment was maintained at about 

20-40% and the temperature range was 19-25°C. The syringe pump (Harvard Pumps, EP-H11) 

was used to control the flow rate and flow rate. Electrostatic spinning membranes were fabricated 

by electrostatic spinning apparatus with spinnerets placed in a horizontal configuration. The 

solution was loaded into a glass syringe with a 23G needle and placed on the holder of a syringe 

pump (Harvard Pumps) set to deliver a flow rate of 3 ml/hour, and a constant voltage of 20 kV 

(power supply: Gamma High Voltage, 1-D-ES30PN-5W) was applied. The polymer film was 

obtained on a flat collector surface controlled at 16 cm from the needle. The obtained polymer 

fiber mat (~100 μm thick) was placed under a fume hood overnight to promote complete 

evaporation of the solvent. 
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Figure 3.2 Electrostatic Textile Equipment. 

 
Figure 3.3 Electrostatic Spinning Process. 
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3.2 Characterization of nanofibers 

3.2.1 Field Emission Scanning Electron Microscopy (FESEM) 

Field emission scanning electron microscopy (FESEM) uses electrons from crystal field 

emission to interact with a sample in an ultra-low vacuum. Field emission from a crystal interacts 

with the sample in an ultra-low vacuum environment. Electrons are used instead of conventional 

light sources. An electromagnetic lens is used to focus the electrons onto the sample. The 

concentrator and aperture help to block out stray electrons and ensure the concentration of the 

electron source. These electrons interact with the sample and are scattered onto the fluorescent 

screen. An image of the sample can be obtained depending on the backscattered or secondary 

electrons. 

Conductive samples can be directly observed under FESEM. The rest of the sample needs 

to require sputtering a thin coating of precious metals. FESEM is a surface technique that can be 

used to observe and can be used to observe the grayscale surface of the sample alone. FESEM 

allows a fast method to observe fibers at the nanoscale. It also helps to observe fibers and cells at 

high resolution. 

Samples were dried and fixed on a short column using double-sided tape, allowing the 

SC7620 Mini Sputter Coater (Quorum Technologies, East Sussex, UK) to sputter gold/palladium 

on them for 45 seconds to form a 10 nm coating. The samples were imaged using a Phenom G1 

benchtop SEM (Phenom, ThermoFisher, Eindhoven, The Netherlands). A total of 9 samples were 

analyzed at each time point, and 4 images were taken for each sample. 
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3.3 Tensile test 

A total of 5 samples, each 1 inch long and 0.5 inch wide, were prepared (Figure 3.3). The 

samples were mounted on cardboard after drying. Tensile tests were performed using an MTS 

Criterion 43 tensile testing machine (Figure 3.4) (MTS Systems, Eden Prairie, MN USA) and 

maintaining a 2 N force measuring transducer, a 1 cm scale distance and a crosshead speed of 0.1 

mm/s for the tensile tests. 

 

Figure 3.4 Sample Mounted on Cardboard after Drying. 
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Figure 3.5 MTS Equipment.  
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3.4 Transparency test 

The samples were prepared by incubating the scaffold in PBS according to the observation 

time point (1 hour; 1 day; 3 days; 7 days). Samples were cut (~6.5 mm diameter) using a biopsy 

punch to place them in a 96-well plate. The absorbance of the scaffold was measured at different 

wavelengths (400-800 nm) using a microplate reader, and PBS as a control.  The absorbance value 

of PBS was subtracted from the scaffold value and then converted the absorbance values to 

transmittance using the  law：A = 2 - log10 %T. 

 

 

3.5 Conductivity of the Scaffolds 

1inch x 1 inch PANI-PCL samples were prepared and the conductivity (σ, S cm -1 ) of the 

dried sample holder at room temperature was measured using a four-point probe technique using 

a multimeter. The corresponding current was obtained after providing a voltage. The conductivity 

of the sample is calculated by the following equation： 

       σ (S/cm) = (2.44 x 10/S) x  (I/E) 

Where σ is the conductivity, S is the sample side area, I is the current through the external 

probe, and E is the voltage drop across the internal probe as previously studied (L. Huang et al., 

2008). 

 

 

3.6 Fourier Transform Infrared-Attenuated Total Reflectance Spectroscopy (FTIR-ATR) 

A 1cmx1cm PANI-PCL sample was taken for FTIR analysis with a PCL sample. FTIR 

was used to qualitatively identify unknowns based on the functional groups of the constituent 

molecules. iS50 had a built-in diamond attenuated total reflection (ATR) crystal and Raman 

module with 1064 nm NIR laser, iS10 had an OMNI ATR sampler and a germanium (Ge) crystal. 
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Spectra are displayed as absorbance (Abs) or % transmittance (%T) v. wave number. FTIR x-axis 

scales are expressed in wave numbers rather than nm to indicate scans from higher to lower 

energies.、 

 

 

3.7 Biocompatibility 

3.7.1 Sample Preparation 

Samples of 0.5cm x 0.5cm size were taken and placed in a 24-well well plate. 3 PANI-PCL 

scaffolds were used for control experiments with 3 PCL scaffolds. The samples were subjected to 

sterilization operation, and the samples were immersed in 70% sterile ethanol for 20 minutes and 

then the ethanol was aspirated. The samples were then washed three times with phosphate buffer 

solution (PBS, Hyclone, Cytiva, Long, UT, USA) for 5 min each. 

 

 

3.7.2 Cell culture 

Human corneal endothelial cells (CEndoCs, Celprogen 36081-13) were selected for the 

biocompatibility study of the prepared scaffolds (between passage 7 - 12). Cells were maintained 

in culture medium with serum (Celprogen M36081-13, CA, USA) Cells were inoculated onto 

scaffolds at a density of 1 × 106 cells/sample. Cell controls were seeded at a density of 0.5 × 106 

cells/well. The cell-inoculated scaffolds were then maintained in culture for 7 days. The culture 

medium was changed every 72 hours. Biocompatibility was then assessed by Live/Dead™ assay 

(Invitrogen, Waltham, MA, USA), alamarBlue proliferation assay (Invitrogen, Waltham, MA, 

USA), and SEM analysis of the inoculated scaffolds. Live/Dead assays and alamarBlue were 

assessed on days 1, 3, 5 and 7, while SEM was performed on days 1 and 7. 
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3.7.3 Cell viability and proliferation 

The Invitrogen Live/Dead TM Cell Imaging Kit for live/dead assays was used to assess 

cell viability. The solution in the kit was prepared according to manufacturer’s instructions and 

was diluted to a 1:1 ratio with PBS solution. After mixing the solutions, 250 µL of the prepared 

working solution was added equally to each scaffold sample and placed in an incubator at 37 °C 

and 5% CO2 for 20 min. The samples were then observed under a fluorescence microscope 

(EVOS™FL Auto 2 Imaging System, ThermoFisher, Waltham, MA, USA) to examine green (live) 

and red (dead) fluorescence. The kit contains Calcium xanthophyll; AM, a permanent dye that is 

a live cell indicator (ex/em 488 nm/515 nm); and BOBO-3 Iodide, a dead cell indicator (ex/em 

570 nm/602 nm). The assay was performed on days 1, 3, 5 and 7 of cell inoculation. 

An alamarBlue assay was also performed to quantify the proliferation of cells seeded on 

the electrospun fiber scaffolds. The assay provides quantitative data on cell metabolism 

(proliferation) by measuring changes in the fluorescence produced by alamarBlue, which is 

reduced to tryhalotin in response to the chemical reduction induced by cell growth. The dye 

changes its color and fluorescence from blue/non-fluorescent (oxidized) to red/fluorescent 

(unoxidized). 

Cells were seeded on the scaffold for 7 days. alamarBlue assays were performed on days 

1, 3, 5 and 7 using positive control (only cells) and a negative control (no cells) using only scaffold 

in the medium. Samples were incubated for 4 h with alamarBlue reagent (Fisher Scientific, 

Waltham, MA, USA). Subsequently, samples were read using a plate reader (Synergy HT, BioTek, 

Santa Clara, CA, USA) set to 540/25 λ excitation, 590/35 λ emission and kept at 37 °C. 
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3.7.4 Immunofluorescence 

Corneal endothelial cells were seeded on PANI-PCL scaffold samples. The scaffolds were 

fixed with 4% PFA in PBS for 20 minutes. During the permeabilization phase, after washing with 

PBS, the scaffolds were incubated with 0.25% TritonX-100 for 30 minutes at room temperature to 

permeabilize the cell membranes. This was followed by 3 times washes with PBS + 0.1% Tween-

20 for 5 min each. For immunofluorescence staining, serum block for 2-3 hours at room 

temperature and incubate sections in serum blocking buffer PBS + 0.1% tween-20 in 2% BSA + 

2% goat serum. The serum block was incubated overnight at 4C to reduce non-specific binding.  

The primary antibody, Purified Mouse Anti-Human ZO-1 antibody, was diluted in PBS + 

0.1% Tween-20 + 10% blocking buffer at (1:100) and incubated overnight at 4C.  The next day 

the samples were washed with PBS + 0.1% Tween-20 3 times for 10 min each. The secondary 

antibody (Alexa Fluor 488 goat anti-mouse IgG1 (γ1）) was diluted in PBS at a ratio of 1:250 and 

incubated at room temperature for 1hour. The samples were then washed with PBS  3 times for 10 

min and counterstained with Hoechst (1:1000) in PBS for 5 min. After washing 3 times in PBS for 

10 min each, the antifade agent (Invitrogen P36934, ProLong Gold Anti-fade) was diluted in PBS 

and added to each sample (2 drops in each sample) . Samples were either imaged directly or stored 

in aqueous conditions at 4C. 

 

 

3.7.5 FESEM imaging of cell seeded scaffold 

Corneal endothelial cells were first fixed on scaffold samples and washed for 2x 5 min 

using sterile PBS, after which 4% paraformaldehyde solution (PFA) was added to the samples 

immersed in PBS solution and washed for 1x 5 min using sterile PBS solution after 20 min. 
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The scaffold samples seeded with corneal endothelial cells were washed with 0.2 M sodium 

cacodylate buffer pH 7.4 for 10 min and then fixed with 2% paraformaldehyde/2% glutaraldehyde 

in 0.2 M sodium cacodylate buffer for 30 min. rinsed with 0.2 M sodium cacodylate buffer pH 7.4 

for more than 15 min. The samples were dehydrated by gradually increasing a series of ethanol 

(30%, 50%, 70%, 80%, 95%, 100%, 100% and 100% every 15min, 100% 1x40min). Samples 

were dried in 100% ethanol with 1/2 100% ethanol and 1/2 HMDS (hexamethyldisilazane) 1 x 20 

min and pure HMDS 1 x 20 min after reaching the critical point. Scaffolds are allowed to dry for 

approximately 5-10 minutes before being mounted on the stubs with carbon tape. The dried holder 

was mounted on a 13 mm diameter aluminum post and sputtered with an 8 nm gold/palladium 

alloy (60Au: 40Pd) using a Cressington 208HR sputter coater (Ted Pella, Inc., Redding, CA, USA). 

Images were taken using a Zeiss Supra 25 FESEM (Carl Zeiss Microscopy, Jena, Germany) 

working at 5 kV or 10 kV with a SE2 detector, 30 μm aperture and a working distance of 

approximately 15 to 25 mm. Any cellular structures growing horizontally or vertically on the 

surface of the scaffold were imaged.  

 

 

3.8 Statistical analysis 

Data were collected from 3 to 9 samples and expressed as mean ± standard deviation. 

Statistical analysis was performed using Student's t-test and significance was determined at p < 

0.05. 
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CHAPTER 4. Results and Discussion 

This section presents the results of characterization of electrostatically woven scaffolds, 

including SEM images to observe the morphology of the fibers in the scaffold, results of tensile 

testing, results of transmittance testing, results of conductivity testing of the scaffold, FTIR-ATR 

Spectroscopy, and Evaluation of Cells Viability and Attachment. live-dead test, immunostaining 

test, SEM image results of cell-scaffold binding, and evaluation of mechanical properties and 

biocompatibility of the scaffold by discussing the results. 

 

 

4.1 Electrospun Membrane Characterization 

    
Figure 4.1 FESEM Image of PCL-PANI Scaffold, Obtained by Varying the Flow Rate between 

3 mL/h and 3.5 mL/h (Scale Bar = 50µm, Magnification = 1 K×, Arrows Indicate Fiber Defects). 

 

The effect of solution flow rate on nanofiber morphology was evaluated by measuring the 

diameter of 100 fibers by ImageJ software. Figure 4.1 FESEM images of PCL-PANI scaffold, 

obtained by setting the solution flow rate to 3 mL/h and 3.5 m/ h. As shown in Figure 4.2, the fiber 

diameters of PCL-PANI fibers increased from 963 ± 220 nm to 998 ± 265 nm, respectively, at 
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increased flow rates. In addition, the increase in flow rate resulted in the fabricated fibers having 

inhomogeneous morphology and exhibiting many defects (as seen by the arrows in Figure 4.1). 

Tissue engineering requires scaffolds that can form a supportive meshwork around cells 

with uniform, well-aligned and loose fibers to resemble the natural ECM network environment 

and better support the growth and differentiation of cells seeded on the scaffold (Rahmati et al., 

2021). Therefore, we need to obtain PANI-PCL scaffolds with uniform and well-aligned fibers. 

Well-aligned fibers means that the fibers are generally in one consistent shape. In Figure 4.1, the 

arrows indicate the fiber defects, and there are more fiber defects for a solution flow rate of 3.5 

mL/h than for a solution flow rate of 3 mL/h. The results show that when the solution flow rate is 

at 3 mL/h, the fiber distribution is more uniform, which can form a looser, neatly arranged, cell 

growth-like natural ECM network environment. 

 When the fibers are defective, unevenly wound, and lumpy, the prepared scaffolds do not 

resemble the natural ECM network environment, do not better mimic the corresponding 

environment, do not facilitate the adsorptive apposition of cells for growth, do not provide 

adequate cell-based support, and do not provide cell anchoring. 
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Figure 4.2 Average Fiber Diameter for PANI-PCL Scaffolds (Flow Rate: 3ml/h,3.5ml/h). 
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Figure 4.3 Fiber Diameter Distribution for PANI-PCL Scaffolds (Needle Gauge :23g, 22g). 

 

The fiber diameter was reduced from 990 ± 135 nm to 965 ± 260 nm by changing the 

needle size to 22 g and 23 g (Figures 4.3). The diameter of a 22g size needle is larger than the 

diameter of a 23g size needle; the needle diameter becomes larger when the gauge of the needle 

decreases. Measuring the distribution of 100 fiber diameters, the distribution of fiber diameters 

with needle size at 22 g has the highest percentage of fibers in the range of 800-900 nm. The 

distribution of fibers with needle size at 23 g has the highest percentage of fibers in the 600-700 

nm range. Although overall, the fiber diameter obtained by changing the needle size did not very 

much, the fiber defects obtained at the needle size of 22g were more and more likely to generate 

stacked fibers, as shown in Figure 4.3. 

This experiment aims to obtain uniform, less defective, and neatly arranged fibers. Therefore, a 

solution flow rate of 3 mL/h, a needle size of 23 g, a voltage of 20 kV and a distance from the 
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needle tip to the collector of 16 cm were finally chosen as the optimal preparation parameters for 

electrostatic spinning in this experiment, which resulted in more stable and successful fibers with 

fewer defects and facilitated the simulation of the natural environment to promote cell growth 

and differentiation. 

 

    

Figure 4.4 FESEM Image of PCL-PANI Scaffold, Obtained by Varying the Needle Gauge 

between 22g and 23g (Scale Bar = 200µm, Magnification = 1 K×, Arrows Indicate Fiber 

Defects). 
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Figure 4.5 Pore Size Distribution (Needle Gauge :23g). 

With the parameters determined, the measurement of the pore size of the sample was 

performed. According to Figure 4.5, the distribution of pore size has the highest percentage in the 

range of 130-140 μm². The corneal endothelium is generally a hexagonal structure with a diameter 

of 15 to 30 microns. The preparation of biological scaffolds requires very high pore size in them 

(Loh & Choong, 2013). The pore size aperture area of the scaffold needs to ensure that the cells 

grow abductively on top of the scaffold. A large and small pore size of fibers can provide the cells 

with a three-dimensional growth environment like a "sponge". The pore area distribution of the 

fibers prepared in this study is shown in Figure 4.5, mostly in the range of 130-140 square microns, 

which can provide a three-dimensional space of comparable size for the corneal endothelial cells 

and is suitable for the environment of the cells to grow in an opposition. This experiment not only 

wanted enough "space" in the pores for individual cells to migrate, but because the fibers were 



   

47 

 

layered on top of each other, it was even more desirable that the pores were large enough to ensure 

that cells could migrate through the multiple layers of the scaffold. 

 

 
4.2 Tensile Test 

 

Figure 4.6 PANI-PCL sample holder on the MTS Model Q mechanical tester (Sample size 

is 1 inch long and 0.5 inch wide). 
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Figure 4.7 PANI-PCL Scaffold Representative Fracture Strength Curves. 

 

Since PANI-PCL holder samples are very fragile and therefore difficult to test, this 

experiment took rectangular samples 1 inch long by 0.5 inch wide, fixed them on cardboard and 

then used the MTS QTest™/10 uniaxial tensile device equipped with a 1 N load cell in uniaxial 

tensile tests to evaluate the mechanical stability of the sample holders，as shown in Figure 4.6. 

Each sample was fixed to the fixture and tested using a crosshead speed of 0.1 mm min-1. Fracture 

strength curves were plotted for each sample. As shown in Figure 4.7, the samples fractured at 

about 0.85 N. The tensile strength of this sample is very low. 

The mechanical properties of the scaffold are related to the cellular behavior (Ma, 2008), 

therefore, the ideal scaffold should have a microstructure and properties similar to that of the 
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natural corneal ECM with a thickness of approximately 0.55 mm and a mechanical profile to 

withstand the tension caused by high intraocular pressure and eye movements (Ruberti and Zieske, 

2008).  The corneal ECM consists of an aqueous glycocalyx matrix with a water content of up to 

80% and a small amount of glycosaminoglycan (GAG), as well as orthogonally arranged collagen 

nanofibers (30 diameter nanometers). 

Young's modulus is the ratio of the forward stress to the forward strain of a material. The 

formula is E = σ / ε, where E denotes Young's modulus, σ denotes the forward stress, and ε denotes 

the forward strain. 

Young's modulus of the scaffold was calculated by the ISO 844-2014 standard and its 

modulus was determined as the gradient of the linear elastic region (Wibowo et al., 2020). Due to 

the use of older equipment, the strain data of the stents obtained by PANI-PCL in this experiment 

were small and the stress data were more inaccurate and insufficient for the stress-strain curves 

plotted. Young's modulus of PANI-PCL scaffold was roughly calculated by the stress-strain 

equation as shown in Figure 4.8, and the estimated Young's modulus was around 28.3 Mpa. The 

Young's modulus of native cornea is 5-20 MPa, and the Young's modulus of PANI-PCL scaffold 

is 28.3 MPa, which is close to the Young's modulus of native cornea relative to the Young's 

modulus of PCL scaffold of 124.7 MPa, which means that the prepared scaffold is close to the 

native corneal environment and is conducive to cell attachment and growth. When Young's 

modulus is large, it indicates that the deformation of the material is smaller when compressing or 

stretching the material. When the scaffold has a high Young's modulus, the scaffold has good 

mechanical properties that facilitate the growth of cells on the scaffold. 
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Figure 4.8 Young’s Modulus of PANI-PCL and PCL Scaffold. 
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4.3 Transparency Test 

 

Figure 4.9 Light Transmission of PANI-PCL Scaffold Samples under Dry Conditions, 1 Hour 

after Wetting, the Day1，3，7 of Wet Conditions. 

 
As shown in Figure 4.9, the transparency of PANI-PCL samples under humid conditions 

increases with time and becomes increasingly stable. Optical transparency is an important factor 

to consider when developing corneal scaffolds. membrane, the cornea contributes two-thirds of 

the total refractive power of the eye to provide clear vision (Kong & Mi, 2016). Therefore, corneal 

equivalent scaffolds fabricated by tissue engineering should be able to transmit most of the visible 

light to mimic the natural behavior of the natural cornea. The scaffold can be like the natural cornea 

and should focus on how to improve the transparency of the prepared scaffolds for reconstruction 

of damaged ocular surfaces. Even if the scaffold used to reconstruct the damaged ocular surface is 
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not completely transparent, it can be modified to degrade over time so that the transparency 

increases over time. Shweta Sharma et al. subjected PCL nanofiber scaffolds to helium-oxygen 

(He/O2) plasma treatment by electrospinning. The results showed that the plasma-treated substrate 

equivalent could transmit 37% more light than the untreated plasma substrate equivalent (Chan & 

Leong, 2008b). PANI-PCL scaffolds initially have low transparency, and we hypothesize that by 

controlling degradation and modifying the surface in the future, the transparency will increase over 

time and be suitable for translation to clinical applications. 

 

 

4.4 FTIR-ATR Spectroscopy 

 

Figure 4.10 PANI-PCL and PCL Scaffold Spectrum. 
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FTIR-ATR spectra of PCL-PANI scaffold were compared with FTIR-ATR spectra of PCL 

scaffold as shown in Figure 4.11 to investigate the surface functional groups of the material stent. 

PCL-PANI spectra showed all major PCL characteristic peaks at 2946 and 2868 cm -1 referring 

to CH2 groups and at 1725 and 1174 cm -1 referring to asymmetric and symmetric stretching, in 

addition to 1646, 1540 (stretching vibrations of quinone and benzene ring) and 881 cm -1 (N-H 

bending of amine peak) detected on the surface of PANI electrospun films of specific PANI-CSA 

peaks. (Hamid et al., 2019). We have 1 peak specific to PANI (As marked by the arrow in the 

figure), so we are pretty sure “some” PANI is present. We are missing 2 more specific peaks for 

PANI, so we need more optimization (potentially add more PANI concentration and/or optimize 

distribution throughout the electrospinning process). 

 

 

4.5 Evaluation of Cells Viability and Attachment 

 
 

Figure 4.11 Proliferation Assay. 
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The alamarBlue HS Cell Viability Reagent is a ready-to-use, non-toxic, azure-based 

solution for the quantitative measurement of viability as an indicator of cell health. alamarBlue 

uses the natural reducing ability of living cells to convert azure into fluorescent test halogens. This 

faint blue, fluorescent indicator dye is water-soluble, stable in culture media and crosses cell 

membranes (Tissue Engineering and Regenerative Medicine, n.d.) Once penetrated living cells, 

alamarBlue is reduced to tryhalocin, a red and highly fluorescent compound. The color change can 

be detected by absorbance (detected at 570 nm and 600 nm) or fluorescence (by excitation between 

530 and 560 nm and emission at 590 nm). The higher the fluorescence value, the better the cell 

metabolic viability and the higher the number of cell proliferation. The effect of PANI on corneal 

endothelial cell viability was assessed with this reagent assay. Experiments were performed on 

PCL scaffolds, and the results of the tests on days 1, 3, 5, and 7 are shown in Figure 4.12. 

 

Figure 4.12 Analysis of Variance for Day 5 Data. 
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Figure 4.13 Test Statistic F-value Distribution of Variance Statistics. 

 

The PCL-PANI scaffold detected higher levels of viable cells at days 3 and 5, and this 

result indicates that the hybrid scaffold better promotes cell attachment and growth, and the 

addition of PANI improved the biocompatibility of the hybrid scaffold.  ANOVA was performed 

on the data of the fifth day, using three sets of data values, and the results obtained are shown in 

Figure 4.13. Figure 4.13 shows the one-way ANOVA (mean ± standard deviation) for three groups 

of data on day 5, with means of 5.4, 2.8, and 10.4. The distribution of the F-value of one of the test 

statistics is shown in Figure 4.14. The test statistic F is equal to 0.0355124, which is within the 95% 

acceptance range. The observed effect size f is very small (0.06). This indicates that the magnitude 

of the difference between the means is small. η 2 is equal to 0.0035. This means that the group 

explains 0.4% of the variance of the mean. Overall, there was no significant difference between 

group and group means. Fluorescence values for Cells+ (PANI-PCL) scaffold reached 1517 on 

day 3 and 1790 on day 5, more than three times the value of 506 on day 1 and much significantly 

higher than the value of 938 on day 7. Changes in the reference group of Cells+ PCL scaffold and 

cells only were consistent with Cells+ (PANI, PCL) scaffold, both presenting significantly higher 
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results on day 3, and on day 5 than the values on day 1 and day 7. All scaffolds and the control 

group reached the peak of cell viability on day 5, and the addition of PANI resulted in smaller 

diameter fibers than the PCL scaffold, which better mimicked the natural ECM environment and 

facilitated the regulation of cellular responses on the scaffold to promote cell proliferation. Also, 

since PANI is a conductive polymer, its inherent electroactive mechanical properties promote the 

proliferation of cells cultured on PANI-based scaffolds (Bidez et al., 2006; Prabhakaran et al., 

2011). The closer the fibers of the obtained scaffolds are to the natural ECM, the better the cell 

proliferation is. 

 

 

4.6 Live-Dead 

 

Figure 4.14 Live-Dead Assay on Scaffolds. Scale bar:275 µm- Live Cells (green), Dead Cells 

(red). 

The cells seeded on the scaffold were subjected to live/dead cell assay and the results 

observed on days 1, 3, 5, and 7 are shown in Figure 4.15. As shown in Figure 4.16，it can be 
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observed that on any day, the number of live cells on the PANI-PCL hybrid scaffold was more 

than that on the PCL scaffold. 

 

 

Figure 4.15 Number of Live Cells in PANI-PCL Scaffold and PCL Scaffold. 

 

 

With time progression, the number of dead cells on the PCL scaffold was increasing, while 

the number of dead cells on the PANI-PCL hybrid scaffold was less. From the results, it can be 

concluded that the addition of PANI improves the cell survival rate, proliferation effect, and the 

cells can proliferate and grow better on the scaffold with good biocompatibility. As mentioned 

above, the hydrophobicity of PCL affects the cell adhesion and growth, but the experimental 

results confirm that the addition of PANI improves cell proliferation and survival, indicating that 

the PANI-PCL scaffold is non-toxic (Huang et al., 2020) and always has excellent viability. Cell 

viability was consistently higher due to the viability of the PCL scaffold. 



   

58 

 

4.7 Immunofluorescence 

 

Figure 4.16 Immunohistochemistry of Human Corneal Endothelial Cells on the Scaffold of 

PANI-PCL and PCL for ZO-1 (Scale bar, 275 μm). 

 

ZO-1 is a peripheral membrane phosphoprotein associated with tight junctions that is 

localized to the intercellular surface of cultured corneal endothelium and is used to check whether 

cells form a closed monolayer (Ju et al., 2012), According to Figure 4.17, ZO-1 showed normal 

expression on corneal endothelial cells seeded on PANI-PCL scaffolds, while scaffolds on PCL 

had limited to no ZO-1 expression. Therefore, according to this phenomenon, it can be confirmed 

that PANI-PCL scaffolds possess a growth environment more like natural ECM, which facilitates 

the growth of corneal endothelial cells. 
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4.8 SEM Images of Cell Binding to Scaffolds 

    
 

Figure 4.17 SEM Images of Cells Bound to PANI-PCL Scaffold and PCL at Day 7 (Scale Bar = 

250µm, the lamellar pseudopods of the disseminated corneal endothelium are marked with 

arrows). 

 

The surface of the scaffold is important for assessing the potential of the scaffold to 

maintain cell growth. The attachment of corneal endothelial cells to the electrospun scaffolds was 

studied by FESEM microscopy (Figure 4.18). Corneal endothelial cells were observed in PANI-

PCL samples as polygonal and with a specific structural shape and uniform distribution, similar to 

their morphology in native cornea. We can observe lamellar pseudopods of corneal cells spreading 

on the PANI-PCL scaffold, marked by arrows. The lamellar pseudopods symbolize the attachment 

of cells (Liang et al., 2011b). The corneal endothelial cells on the PANI-PCL scaffold appeared 

healthier and better attached than the cell growth on the PCL scaffold, suggesting that the PANI-

PCL scaffold is better able to support the function of the corneal endothelial slice prepared in vitro. 
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CHAPTER 5. Conclusion and Future Work 

PANI, as one of the most widely studied biocompatible conductive materials, was taken in 

this experiment to prepare electrostatic textile scaffolds mixed with PCL to mimic the natural ECM.  

PANI-PCL scaffolds were compared with PCL scaffolds to investigate the possibility of preparing 

corneal endothelial cells on the scaffolds to eventually use as a tissue engineered cornea. To 

investigate the characterization and biocompatibility of PANI-PCL scaffolds, first we optimized 

and characterized the parameters for the preparation of the most ideal scaffold (no defects and 

uniformly aligned, small diameter fibers) by varying the parameters of electrostatic spinning and 

changing the flow rate of the solution and the size of the needle had an impact on the final 

preparation results. In tensile testing, we observed that PANI-PCL scaffolds have a low tensile 

strength, which is close to natural ECM and favors the growth of corneal endothelial cells. Since 

this experiment is studying the preparation of scaffolds for corneal endothelial cells, there is a high 

requirement for the transmittance of the sample scaffolds. We performed the transmissivity 

experiments, in which a gradual increase in transmissivity over time was observed, indicating that 

the PANI-PCL scaffold has the potential to be suitable for culturing corneal endothelial cells. 

Investigating how to improve the transparency of the prepared scaffolds will be the focus of future 

research, and Sharma et al. have attempted to subject PCL nanofiber scaffolds to helium-oxygen 

(He/O2) plasma treatment by electrospinning. Their results showed that the plasma treated 

substrate equivalents could transmit 37% more light than the untreated plasma substrate 

equivalents (Chan & Leong, 2008b) The present experiment confirmed the presence of PANI by 

FTIR-ATR spectroscopy, showing the one of the characteristic peaks of PANI-PCL. We may 

increase the concentration of PANI or optimize the distribution of the entire electrospinning 

process in the future. In this experiment, an attempt was made to measure the conductivity of the 
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sample scaffold, and we obtained a resistance reading of 0 or over the limit, which corresponds to 

a conductivity of 0. The biocompatibility of corneal endothelial cells cultured on PANI-PCL 

scaffolds was tested by alamarBlue proliferation assay, Live/Dead viability assay, and ZO-1 

immunocytochemistry and SEM images of cells on the scaffolds. The results indicated that the 

environment of the PANI-PCL scaffold was more like natural ECM compared to PCL, with better 

cell activity, proliferation, and binding to scaffold attachment. Thanks to the topographical 

properties conferred by the presence of PANI to the electrospun scaffold, this experiment confirms 

the promise of PANI-PCL tissue-engineered scaffolds to possess in vitro culture of corneal 

endothelial cells. 

More experiments are expected to be implemented on PANI-PCL hybrid scaffolds. To 

improve the scaffolds, we believe smaller fibers and more conductive scaffolds should be obtained 

by altering the electrostatic spinning parameters. In future work, we will change the ratio of PANI 

in the electrospinning solution and increase the addition of PANI to facilitate the subsequent study 

of scaffold conductivity. More comprehensive stress-strain curves should be completed, to ensure 

the mechanical properties of the samples by special treatments such as plasma lift treatment to 

resemble the natural ECM environment more closely. In the future, improving the transparency of 

the scaffolds to make them more compatible with the preparation of corneal endothelial cells could 

be obtained by controlling the degradation of the polymers in aqueous conditions and/or modifying 

the surface of the scaffold. As well as performing TEER tests on sample scaffolds to measure the 

integrity of tight junction kinetics in the corneal endothelial monolayer cell culture model 

(Srinivasan et al., 2015). Since TEER values are a strong indicator of cell barrier integrity prior to 

assessing drug or chemical transport, we will evaluate our scaffolds. Also, genetic analysis of the 
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cells on the scaffold should be investigated to examine the possibility of the eventual use of the 

scaffold. 
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