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2.1. Description of the selected polymer materials applied  
in regenerative medicine 

 

Polymer materials are used in many prostheses such as percutaneous transluminal 

coronary angioplasty (PTCA) catheters, heart valves, contact lenses, intraocular lenses and 

for constructing rigid bases for dental prosthesis and dentures, in ophthalmic applications, 

and in urology and gastroenterology. The content of polymers, including nanofibres made of 

biodegradable polymers, as skin and soft tissue scaffolds, will grow fastest between 2013 

and 2019. Polymer materials applied most often in medicine are described further in this part 

of the work.  

Polylactide is a cyclic dimer of lactic acid having two optical isomers – left-handed type L 

and right-handed type D. Owing to an additional methyl group, it is more hydrophobic than 

PGA, and thus is undergoing degradation slower. It decomposes into lactic acid following 

implantation in the hydrolysis reaction. It is eliminated from an organism as carbon dioxide 

and water at further stages. This polymer starts to degrade after 7 weeks from implantation and 

is characterised by high strength similar to PGA and a high Young modulus. It is used as  

a carrier of medicines [1],[2]. 

Collagen is a basic protein of a human organism, it dominates in connective tissue, which 

is a basis of the motor organ: bones, tendons and ligaments. This protein represents the one-

third of all proteins of a human organism. It is an inhomogeneous protein, as there are at least 

27 genetically separate types of this protein. They differ in subunit composition, molecular 

mass, composition and sequence of amino acids, the degree of hydroxylation and glycosylation 

and spatial structure. A collagen macroparticle is a right-handed helix in which three left-

handed polypeptide chains are bound with chemical bonds. Collagen belongs to bioresorbable 

polymers, insoluble in water. It is undergoing denaturation under the influence of the activity 

of elevated temperature, detergents, salt solutions, organic solvents, ultrasounds, concentrated 

acids and bases [3]. Large content of collagen is present in bones, cartilages, tendons, liga-

ments, fascia and in skin. Collagen fills the space between cells, but its basic function is to 

ensure cell strength, hardness, stiffness and elasticity. Collagen takes part in multiple 

physiological and pathological processes: it binds water in a tissue, takes part in blood 

coagulation processes, in regenerative processes connected with wound healing, it creates 
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scars, takes part in bone regeneration after fractures. Collagen, in different forms, is applied as: 

binding agents, porous structures in tissue engineering, filling of bone defects and soft tissue 

defects, for cosmetic purposes and in composition bone substitutes in connection with 

hydroxyapatite or calcium triphosphate [3]. 
Polycaprolactone (PCL) is a semicrystalline, linear, aliphatic and biocompatible polyester 

with good mechanical properties. Interest in this material has been gradually growing in the 

recent years. It derives from its applicational possibilities, including, in particular, in: tissue 

engineering, regenerative medicine, e.g. for regeneration of nerves, as medicine carriers, 

sensors and other biomedical applications [4]-[6]. The applications of this polymer material are 

hindered due to a possibility of employing few and usually toxic solvents after material 

transformation into the form of a solution. These include: CH2Cl2, a mixture of THF:DMF at  

a rate of (1:1), acetone, a mixture of DMF: CHCl3, a mixture of MeOH methanol with CHCl3 

chloroform, but also tetrahydrofuran (THF) and dimethyl sulfoxide (DMSO). PCL is a bio-

degradable polymer with very long decomposition time of up to 2 years. A copolymer with 

much faster decomposition time can be achieved by joining the following copolymers: CL  

ε-caprolactone and DL-lactide [5]. As biomaterial-biosystem integration depends to a high 

extent on chemical properties of the surface, actions are taken with the additives of, notably: 

calcium carbonate and hydroxyapatite (HAP), to improve the surface properties of PCL, which 

may support the adhesion of cells to the surface of the so obtained composite. Unfortunately, 

despite introducing the additives mentioned, the adhesion of cells to the biomaterial surface has 

not been substantially accelerated [6]. 
Chitin is a second polysaccharide, after cellulose, most often occurring in nature. A chitin 

particle, in chemical terms, is similar to a cellulose particle, the difference between the macro-

particles is that the acetamide group [–NH(C=O)CH3] occurs in chitin in the position of atom 

C2. Chitin may occur in two crystalline polymorphic variants, namely α and β. Similar to 

chitosan, it is an antibacterial, biocompatible biopolymer creating chelate compounds with 

metals, and is also biodegradable and hydrophilic. It is a compound with poor solubility, which 

considerably restricts its applications. One of few chitin solvents is 1,1,1,3,3,3-hexafluoro-2-

propanol (HFIP).  
Chitosan is a derivative of chitin and a copolymer in which the D-acetylglucosamine group 

(typical for chitin) and glucosamine group (typical for chitosan) can be differentiated. The 
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origin of chitin (fungi, crustaceans, fish) is mainly decisive for the properties of chitosan. 

Chitosan is obtained by deacetylation of groups (D-acetylglucosamine) naturally occurring in 

chitin, as a result of which glucosamine groups are created. The degree of chitosan deace-

tylation (DD) is the fraction of the glucosamine group to the total fraction of the groups of  

D-acetylglucosamine and glucosamine. The degree of deacetylation and length (mass) of the 

macroparticles are the main conditions determining the properties of chitosan. For macro-

particles whose Mw is: 
a) higher to 220,000, chitosan assumes the shape of compact molecules, 

b) lower than 220,000, chitosan creates the conformations of accidental helices. 

 

 
Figure 2.1. Structure of chitin and chitosan macroparticles 

 

It is related mainly with the creation of hydrogen bonds whose share increases as the 

molecular mass of polymer is rising. This polymer belongs to the group of biodegradable, non-

toxic materials, and owing to the presence of the NH2 group, it is much easier to solve than 

chitin [7]. In practice, to dissolve chitosan, such solvents are used as: trifluoro acetic acid 
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(TFA), hexafluoro-2-propanol (HFIP) [8], trichloromethane (TCM) and dichloromethane 

(DCM). Unfortunately, the solvents are very expensive or toxic and may lead to polymers 

degradation. Hydrochloric acid CH3COOH or formic acid HCOOH solutions are mainly used 

for this reason to dissolve chitosan. The presence of acids is to ensure an acidic reaction for the 

aquatic medium below 6.5 pH, in which it is possible to transform chitosan into the form of  

a solution. Chitosan is composed of two units: 
a) 2-acetamido-2-deoxy-β-D-glucopyranose and 

b) 2-amino-2-deoxy-β-glucopyranose (Fig. 2.1). 
The material contains approx. 6.89% of nitrogen taking part in the creation of chelates, i.e. 

complex chemical compounds consisting of a ligand (Fig. 2.2). For chitosan, these are 

groups –OH, groups –O– situated on D-glucosamine residues and attached to it with several 

central ion bonds (metal cation). Haemoglobin in blood platelets and chlorophyll in plant 

leaves exhibit the similar property [9]-[11]. 
 

 
Figure 2.2. Complex compound 

 

Chitosan (CH) exhibits antioxidant properties consisting in the ability to remove a peroxide 

anion from the cell (a radical created as a result of chalcogens metabolism). The antioxidant 

properties of chitosan consist of a reaction of the superoxide anion with active atoms of 

hydrogen of quaternary ammonium salts [12]. One of the most valuable properties of chitosan, 

distinguishing it from other polymer materials, is its bacteriocidity, which depends on the 

degree of chitosan deacetylation (DDA), pH of the environment in which it interacts and on the 

molar mass of chitosan [13]. There are several concepts of the bacteriocidic activity of chitosan 

on Gram-positive and Gram-negative bacteria. One of them suggests that the electrostatic 
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interaction existing between amine groups of chitosan and the negatively charged groups of 

liposaccharides and proteins (forming part of cell membrane of a bacterium) contribute to 

interrupting the continuity of a microorganisms’ cell membrane, which is leading to the 

destruction of a given bacterium [14]. The properties of chitosan accelerate the healing of 

wounds. Materials with the content of chitosan are characterised by surface properties sup-

porting the adhesion of bone or nervous cells. A special property of chitosan is its ability to 

improve blood coagulation. Research has been conducted for several years for this reason to 

employ this effect, notably for the removal of heparin (a compound reducing blood coagu-

lation) used, among others, in surgical operations [15],[16].  
Hyaluronic acid (HA) is a linear polysaccharide – glycosaminoglycan (GAG), created 

from the repeating disaccharide units containing D-glucuronic acid and N-acetyl-D-

glucosamine bonded with β-1,4 and β-1,3 glycoside bond (Fig. 2.3). The arrangement of side 

groups in a hyaluronic acid macroparticle makes such type of the system very stable in terms of 

energy.  

 
 

Figure 2.3. Structure of disaccharide units present in hyaluronate 

 

Hyaluronic acid belongs to the family of glycosaminoglycans, however, compared to other 

glycosaminoglycans (which are bound with convalescent bonds to the protein core thus 

creating proteoglycans), hyaluronic acid creates gigantic skeletons to which binding proteins, 

other glycosaminoglycans or proteoglycans are attached in a noncovalent manner and create 

huge aggregates (Fig. 2.4). Hyaluronic acid aggregates are, apart from collagen fibres and non-

collagen proteins, the main component of the extracellular matrix (ECM). A property of 

hyaluronic acid is its similarity in all living organisms, which allows to obtain it from different 
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sources. Bacterial cultures are currently the most popular method of obtaining hyaluronic acid 

[17],[18]. The name hyaluronic acid means a particle of undissociated character. In a physio-

logical environment, the D-glucuronic group is dissociated and occurs as a polyanion bonded 

with Na+, such a particle is called sodium hyaluronate. Therefore, the correct term designating 

this compound is sodium hyaluronate. As this polymer enjoys immense popularity in trade, its 

name ‘hyaluronic acid’ is popular and hence this name is used in this work [19]. 

 

  

Figure 2.4. Hyaluronate aggregates in ECM 

 

Hyaluronic acid particles (Fig. 2.4) may reach the length of 10,000,000 g/mol. The 

structure of the polysaccharide has large influence on the environment in which it is situated. 

Small particles, such as water, electrolytes or nutrients, can travel freely through a hyaluronic 

acid solution. Large particles (such as proteins) may also penetrate through the hyaluronic acid 

structure as this polymer is subject to constant movement in an aquatic environment, and 

creates pores of different type and size.  

Hyaluronic acid is also the main component of the extracellular matrix of skin, joints and 

multiple other tissues, responsible for extracellular communication. A completely new 

discovery is a surprising multitude of biochemical processes in which hyaluronic acid 

participates, including, among others: proliferation, differentiation and migration of cells, 

angiogenesis, inflammatory reactions, activities of the immunity system cells, tumorigenesis 
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processes. Apart from skin, the largest concentration of hyaluronic acid is seen in the vitreous 

humour of the eye and in the synovial fluid of joints, in which the presence of hyaluronic acid 

contributes to viscoelastic properties of joint fluid. Hyaluronate has special hydrophilic, 

rheological and viscoelastic properties. It participates in all the phases of wound healing, and 

its decomposition time depends on the location and may be from several minutes to 3 weeks. It 

is estimated that a human organism contains 15 grams of this polysaccharide. 5 g of hyaluronic 

acid is constantly exchanged over a day (biosynthesis and degradation) [17],[19]. Hyaluronic 

acid is used in medicine, because: 
- it is biodegradable, biocompatible and bioresorbable, 

- it is characterised by an ability to absorb a high volume of water, which is decreasing the 

tension formed between the surfaces of joint cartilages creating friction between each other, 

- its volume supports the division of cells, 

- a hyaluronic acid macroparticle contains such function groups as: –COOH and –OH, which 

may support cross-linking and gelling, 
- it participates in all the phases of wound healing, 

- it maintains a moist environment, for this reason it is suitable as a material accelerating 

wound healing, 

- hyaluronic acid does not bind with proteins, hence it is suitable for tissue cultures, besides, 

the surface of HA can be modified by introducing cellular receptors proteins on the surface of 

some cells enabling binding with hyaluronic acid CD44 and RHAMM (CD168), (CD44 is an 

integral hyaluronan receptor that can promote or inhibit motogenic signaling in tumor cells. 

RHAMM is a nonintegral cell surface hyaluronan receptor and intracellular protein that 

promotes cell motility in culture), 

- the presence of HA activates the RHAMM receptor which contributes to the enhanced 

mobility of cells, what is very important in the wound healing process, 

- low molecular weight hyaluronan (LMWH) plays a major role in controlling an inflammatory 

condition – it acts in a proinflammatory fashion, 
- high molecular weight hyaluronan (HMWH) plays a role of fading an immunological 

response – has an anti-inflammatory effect. 
Hyaluronate, due to its negative charge, creates multiple coordination bonds with H2O 

particles and this property has influence on: 
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- high viscosity of hyaluronic acid solutions, which is proportional to the concentration, 

- elasticity, which depends on a concentration or length of chains, 

- flexibility.  
The above-mentioned polymer materials, on the basis of the data available obtained from 

the literature, based on the criteria of potential and attractiveness (Table 2.1-2.4), were 

subjected to an analysis using a method of procedural benchmarking and weighted scores 

[20],[21]. The relevant potential and attractiveness criteria were ascribed to the above 

polymers, and were presented graphically after multiplying the particular criteria by weight 

(Fig. 2.5). 

 

Table 2.1. Potential and attractiveness criteria (own study) 

Criterion Objective values (potential) Weight 

KP1 Tensile strength of material 0.2 

KP2 Stability of shapes achieved 0.1 

KP3 Enzymatic or hydrolytic bioresorbability 0.3 

KP4 Material transformability into a fibre from solution  
(fibre-forming ability) 0.2 

KP5 Applicability of non-toxic solvents 0.2 

 Subjective values (attractiveness)  

KA1 Material applicability as carrier of medicinal substances 0.25 

KA2 Number of publications concerning the material  
(acc. to Science database) 0.1 

KA3 Composite material manufacturing cost 0.15 

KA4 Potential range of application at industrial scale 0.25 

KA5 Availability of material acquisition sources 0.2 
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Table 2.2. Multicriteria analysis of attractiveness of particular polymer materials as porous 
materials and scaffolds (own study) 

Criteria Weight PLA PCL Chitosan PA6 KH PMMA PP PVA  

KP1 0.2 8 8 10 6 6 5 8 6 

PO
TE

N
TI

A
L KP2 0.1 7 9 10 6 8 4 7 8 

KP3 0.3 8 9 3 5 10 6 0 8 

KP4 0.2 8 8 2 8 5 8 9 5 

KP5 0.2 3 7 7 4 10 4 0 8 

KA1 0.25 8 10 10 1 8 2 0 8 

A
TT

R
A

CT
IV

EN
ES

S 

KA2 0.1 2 4 7 7 7 7 8 7 

KA3 0.15 10 10 10 7 7 7 8 6 

KA4 0.25 7 8 9 0 9 1 0 8 

KA5 0.2 8 10 3 7 4 6 10 5 

 

Table 2.3. Analysis results of individual polymer materials (own study) 

Criteria PLA PCL Chitosan PA6 KH PMMA PP PVA  

KP1 1.6 1.6 2 1.2 1.2 1 1.6 1.2 

PO
TE

N
TI

A
L KP2 0.7 0.9 1 0.6 0.8 0.4 0.7 0.8 

KP3 2.4 2.7 0.9 1.5 3 1.8 0 2.4 

KP4 1.6 1.6 0.4 1.6 1 1.6 1.8 1 

KP5 0.6 1.4 1.4 0.8 2 0.8 0 1.6 

TOTAL 6.9 8.2 5.7 5.7 8 5.6 4.1 7 

KA1 2 2.5 2.5 0.3 2 0.5 0 2 

A
TT

R
A

CT
IV

EN
ES

S 

KA2 0.2 0.4 0.7 0.7 0.7 0.7 0.8 0.7 

KA3 1.5 1.5 1.5 1.1 1.05 1.05 1.2 0.9 

KA4 1.8 2 2.25 0 2.25 0.25 0 2 

KA5 1.6 2 0.6 1.4 0.8 1.2 2 1 

TOTAL 7.05 8.4 7.55 3.4 6.8 3.7 4 6.6 



Polymer nanofibers produced by electrospinning  
applied in regenerative medicine  
 

2. Polymer Nanofibers Materials, Fabrication Technologies and Research Methods 93 

Table 2.4. Summary of results of analysis of relevant polymer materials (own work) 

 PLA PCL Chitosan PA6 KH PMMA PP PVA 

SYMBOL A B C D E F G H 

POTENTIAL 6.9 8.2 5.7 5.7 8 5.6 4.1 7 

ATTRACTIVENESS 7.05 8.4 7.55 3.4 6.8 3.7 4 6.6 

 

 
Figure 2.5. Graphical representation of selected polymers’ potential and attractiveness 

 

The following polymer materials have the highest level of attractiveness and potential: 

polylactides (A), polycaprolactone (B), chitosan (C), hyaluronic acid (E) and polyvinyl alcohol 

(H) found in the most promising quarter of the matrix (wide-stretching oak). For the materials 

listed, polycaprolactone (B) has revealed the greatest attractiveness and potential, while 

chitosan (C) has proved to be another polymer with the highest potential (C). Hyaluronic acid 

(E) proved to be most attractive in the study and for this reason such materials (B, C and E) 

were selected for research as the basic materials. The key advantages and disadvantages of the 
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selected polymer materials (PCL, chitosan, hyaluronic acid) applied in medicine (Table 2.5) 

are listed according to the literature data.  
 

Table 2.5. Key advantages and disadvantages of the selected polymer materials 

No. Polycaprolactone Chitosan Hyaluronic acid 

Key 
advan-
tages 

- high strength 
- high biocompatibility 
- biodegradable material 
- material with very 

good electrospinning 
properties 

- synthetic material, 
ability to achieve high 
material purity 

- bactericidal material 
- hydrophilic material 
- material with antioxidation 

properties 
- very good adhesion with 

cells 
- material coming from 

renewable sources 

- high biocompatibility 
- participates in all the 

phases of wound healing 
- activates the RHAMM 

receptor which 
contributes to enhanced 
mobility of cells 

- biopolymer present in 
majority of living 
organisms 

Key 
disadvan
tages 

- poor adhesion to cells 
due to hydrophobic 
surface 

- toxic solvents 

- solutions possess high 
viscosity 

- very difficult to transform 
into nanofiber 

- limited number of solvents 

- solutions possess high 
viscosity 

- difficult to transform into 
nanofiber 

- limited number of 
solvents 

 
This work presents the results of own research concerning the structure and properties of 

polymer nanofibers from those selected as described above with the intention to apply them for 

medical purposes.  
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2.2. Standard polymer nanofibers and their fabrication methods  
 

Nanotechnology, as a science dealing with objects sized from 1 to 100 nm, is regarded as one 

of the key fields of science in the 21st century and the main driving force of economic and 

technological advancements in the nearest future [13],[22]-[29]. Hopes are connected with 

nanotechnology that materials will be created featuring an increasingly larger specific surface 

area and properties characterised by a larger specific surface area, higher electric conductivity, 

higher thermal conductivity, higher strength properties and supermagnetism [25],[30],[31]. The 

reasons for such dynamic development of nanotechnology should be sought in the application 

potential of each of four groups of nanostructural materials the range of which is covered by 

nanotechnology [27],[30]: 
a) three-dimensional objects (3D) in which at least one dimension is at a nanometric scale, 

an example can be a polycrystal containing nanograins, 

b) two-dimensional objects (2D) in which one dimension of the matter is reduced, an 

example can be nanolayers and nanoplanes, 

c) one-dimensional objects (1D) in which two dimensions of the matter are reduced, an 

example can be nanowires, nanotubes, nanofibers and 

d) zero-dimensional object (0D) including nanoclusters, nanospheres or nanocrystals.  

The BCC’s data shows the development dynamics of the nanotechnology market, according 

to which this market was worth USD 422 million in 2001, and will reach an unprecedented 

value of USD 48.7 billion until 2017. The nanotechnology market will be developing in the 

three main directions over the coming years, namely (Fig. 2.6) [32]-[35]: 
a) nanomaterials whose value will grow from USD 15.9 billion in 2012 to USD 37.3 billion 

in 2017,  

b) nanotools estimated in 2012 at USD 4.8 billion and will reach a value of USD 11.4 billion 

until 2017,  

c) nanorobots estimated in 2012 at USD 45.3 billion and will reach a value of USD 176.2 

billion until 2017. 

Polymer nanofibers with the diameter of below 1 µm are especially important in the field of 

nanostructural materials. The simplest nanofiber fabrication method is drawing. The method 

allows to obtain single nanofibers by drawing (at a rate of 100 m/s) a micropipette submerged  
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Figure 2.6. Nanotechnology market development 

 

in a chosen polymer solution. Drawing is accompanied by solvent evaporation and fibre forma-

tion. Regrettably, the method, due to low efficiency, has not been applied industrially [4]. 

Template synthesis is another nanofiber fabrication method. The method consists of 

applying nanoporous membranes made of aluminium oxide Al2O3 or silicon oxide SiO2 as  

a template for producing nanofibers, nanowires or nanotubes. Such a membrane has channels 

with the diameter of several to more than twenty nanometres. Structures made of polymers, 

arranged parallel to each other, are formed in such channels in electrochemical deposition, 

although the method can also be used for producing nanofibers made of metallic or ceramic 

materials. Precursor absorption takes place in the membrane pores, and then its conversion to 

the final solid state, in particular by a chemical reaction or pyrolysis. The last stage is the 

release of the nanofibers obtained by dissolving the material the matrix was made of [36]-[39]. 

Another nanofiber fabrication method is phase separation. It is a simple method of 

manufacturing three-dimensional structures consisting of submicron fibers. A homogenous and 

multi-component system becomes thermodynamically unstable in this process in the predefined 

conditions. In order to attain a privileged energy state featuring a low free energy value, 

decomposition occurs into a phase enriched with a polymer component and a phase  
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impoverished with this component. The solvent selected and the input polymer content is 

decisive for the morphology of the structure obtained, characterised by high repeatability [40]. 

Molecular self-assembly is the process of spontaneous arrangement of molecules in 

extramolecular structures, also called supramolecular, in the conditions of thermodynamic 

balance. The process is carried out by low forces of intermolecular interactions, among others: 

electrostatic interactions (of the Coulomb type), hydrogen bonds, permanent dipole-permanent 

dipole interactions and Van der Waals' interactions. Despite the low energy of the bonds 

mentioned, it is feasible to form durably arranged structures. A good example of self-assembly 

are peptides made of hydrophilic and hydrophobic amino acid residues. In aqueous solutions, 

amino acids have a tendency to adopt a structure of the β-sheet. Nanofibers with the diameter 

of 10-20 nm and also nanofibers consisting, in their cross section, of 6 to 7 molecules [4],[6] 

can be achieved with the molecular self-assembly method. 
Although diverse nanofiber fabrication methods are available, the dominant process is 

electrospinning [5],[7],[8],[10],[36],[41]-[48] also referred to as nanofiber fabrication in 

electrostatic field (Fig. 2.7). This results from the high process efficiency as compared to other 

methods. 
The method enables to obtain nanofibers with full and empty cross section, core-shell 

nanofibers consisting of two parts and porous nanofibers [42],[43], dual- and multicomponent 

nanofibers [36]-[38],[44], composite nanofibers containing metal particles or ceramics, as well 

as organic materials [37],[41], hybrid nanofibers being a combination of polymers of the 

natural and synthetic origin [45]. It is possible to obtain polymer, but also carbon, metallic or 

ceramic nanofibers in an indirect or direct manner depending on the input material type and an 

attachment method of materials [49]. 

The electrospinning method includes:  

- melt-electrospinning where the following polymers are melted in advance: PP, PE, PMMA or 

PET and then by subjecting the liquid to the activity of a strong electrostatic field in order to 

transform into a nanofiber, 

- solution-electrospinning where polymer is transformed into a solution and then the liquid is 

subjected to the activity of an electrostatic field to stretch the stream and evaporate the 

solvent, which consequently leads to the formation of nanofibers [6]. 

Five phases of transformation of a polymer solution into a nanofiber can be distinguished in 

the typical solution electrospinning process.  
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Figure 2.7. Nanofibers electrospinning schematic 

 

The flow of a polymer solution though a metal jet, which is a positive electrode, represents 

the initial phase of electrospinning. This is accompanied by the activity of a unipolar 

electrostatic field on macroparticles in the solution causing their mutual repellence. When the 

solution is flowing through the jet, stream orientation takes place in the liquid leaving the jet 

channel, which increases as the flow rate and channel length increases. 
The creation of a Taylor cone is a prerequisite for the success of the entire process.  

A solution flowing out of the jet is subjected to the activity of an electrostatic created between 

the positively charged jet and the negatively charged collector. The charges collected on the 

surface of the initial solution are balanced energetically by surface tension of the solution 

(Fig. 2.8).  

If the tension applied is too small, because smaller than critical polarisation V<Vc, a Taylor 

cone is not created and the solution condenses onto the collector surface. Upon exceeding 

critical polarisation Vc, corresponding to overcoming the surface tension forces by the 

electrostatic field V>Vc, viscoplastic flow of the solution occurs from a Taylor cone to the 

negative electrode – collector. Charges on the stream surface are reduced, and the solution 

assumes the form of a stationary stream which is stretched in an electrostatic field. The 

exceedance of critical polarisation, during which from several to more than ten Taylor cones 

are created, is called supercritical tension V>>Vc and, similar to tension below critical  
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Figure 2.8. Electrostatic forces acting on a droplet of polymer solution 

 

V<Vc V>Vc V>>Vc 

  
 

Figure 2.9. Influence of electrostatic field on solution 
 

polarisation, is disadvantageous as it leads to the formation of a wide range of micro- and 

nanofibers (Fig. 2.9). 

Rectilinear motion of the solution stream occurs directly after leaving the “Taylor cone”.  

A dipole electric layer is created in the surface part of the stream, in which one type of the 

generated electrostatic charges is directed outside the surface and the other one inside. A state 

of charging the solution stream, created as a result, is defined as surface charge density and the 

electric potential value. The surface charge density is differentiated along the rectilinear section 

of the stream, which results from Coulomb’s law. The solution stream is stretched at a rate of 

1000 m/s over this section.  
Disruptions in the rectilinear flow of the polymer solution occur in the next phase. The 

charges gathered on the rectilinear section of the stream interact with the electrostatic field 

created. As the polymer stream is moving towards the collector on the distance with its length 

depending on the process conditions and polymer solution conductivity, a critical value of an 

electrostatic charge is created, accompanied by abrupt solution flow and stream whirling.  
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Spiral motion of the polymer solution stream and fibre solidification is the result of 

exceeding the critical energy of internal cohesion of a rectilinear stream section by the 

electrostatic field value. The whirling of the rectilinear stream section occurs as a result of the 

charges, and the created diameter of spiral coils is increasing as approaching the negative 

electrode. An electrostatic field stretches the polymer stream at a rate of up to 25,000 m/s, 

accompanied by the sudden increase in the specific surface area, which means that the 

evaporation area of the solvent applied is enlarged, leading to the formation of fibers.  
The following is influencing the properties and structure of the micro- and nanofibers 

fabricated in the electrospinning process: 

- properties of the solution (properties of polymer material, properties of solvent), 

- environmental conditions (temperature, humidity, gas), 

- process conditions (electrostatic field, type of positive and negative electrode, distance 

between electrodes, solution flow).  

Each of the mentioned conditions is directly or indirectly related. The properties of  

a polymer material are crucial for the type of the solvent used. The molecular mass of the 

polymer applied influences the viscosity achieved after solving. Solution viscosity is decisive 

for the diameter of the fibers achieved as a result of electrospinning or for the particle size in 

the electrospray process. The properties of a solvent are to a large extent conditioning the 

conductivity achieved and the surface tension of the solutions obtained. Surface tension and 

conductivity are influencing an ability of charges to travel along the stream of the solution. 

Conductivity, viscosity, solvent volatility and solution pH vary according to temperature 

variations. On the other hand, an electrostatic field interacts with the surface tension of the 

solution, leading to the critical value Vc, after exceeding which an electrospinning process 

begins.  
Considering the conditions listed, the conditions can be classified to two groups in terms of 

their relevance related to the transformation of the solution into nanofibers:  
a) primary conditions, including, most of all, electrical conductivity of the solution, solvent 

content and the related solution viscosity; 

b) secondary conditions, comprising electrostatic field and solution flow in ml/h or µl/min.  
The optimisation of the primary and secondary conditions is a prerequisite for achieving 

nanofibers free of defects [50]-[54]. 



Polymer nanofibers produced by electrospinning  
applied in regenerative medicine  
 

2. Polymer Nanofibers Materials, Fabrication Technologies and Research Methods 101 

2.3. Co-axial polymer nanofibers and their fabrication methods  
 

The intensively evolving co-axial electrospinning technology enabling to achieve, notably, 

core-shell micro- and nanofibers [49] hollow nanofibers [45] and porous nanofibers [55] 

belongs to advanced nanofiber fabrication methods. Co-axial electrospinning, just like a typical 

fabrication process of nanofibers in an electrostatic field, can be carried out vertically or 

horizontally, both, using solutions and molten polymers [56]-[64]. 
Compared to typical electrospinning, the co-axial electrospinning technology enables to: 

- isolate materials sensitive to atmospheric conditions by encapsulating them in a core 

surrounded with a protective coating,  
- encapsulate various medicinal agents, enzymes, DNA in protective coating, and by deter-

mining the decomposition rate of the external coating, to release the encapsulated substances 

in specific time and with a specific rate,  
- to obtain new composite nanofibers applied, notably, as a reinforcing phase of composites 

ensuring a combination of a high-strength core with good external coating wettability in 

contact with a matrix material, 

- to obtain spatial 3D scaffolds for the purpose of tissue engineering ensuring a combination  

of a strong core with hydrophobic properties and long decomposition time, with another 

polymer material, among others, with good hydrophilic properties improving adhesion to 

cells in a living organism,  
- to transform materials into the form of nanofibers, nanowires or nanotubes, which is unachie-

vable in standard electrospinning, 

- to encapsulate an electrically conductive core with a protective coating ensuring its protection 

against environmental conditions.  
A special type of a co-axial jet enabling the flow of two polymer solutions needs to be 

applied to obtain the core-coating nanofibers in an electrostatic field. The ‘core in core’ is the 

dominant type, in which an internal jet can be distinguished, responsible for the flow of the 

solution forming the core of nanofibers consisting of two parts, and a surrounding external jet, 

responsible for formation of a coating surrounding the core from each side (Fig. 2.10). 

Apart from the jets presented in Figure 2.11, jets are also used consisting of two separate 

jets, with a solution situated inside. The core-coating type fibers are obtained by placing  
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Figure 2.10. Simplified co-axial electrospinning 
 

 

Figure 2.11. Co-axial core consists of, A – jet responsible for jacket formation, B – solution  
of external jet, C – second external jet situated in the place where the Taylor cone is formed,  

D – Taylor cone of internal solution, E – co-axial nanofibers 
 

a second jet over the main jet responsible for creating the Taylor cone, by means of which 

another solution is introduced, from which an internal core is obtained. 

Co-axial electrospinning is subject to the same conditions as standard electrospinning. The 

difference between standard and co-axial electrospinning is related to the application of two 

solutions differing in properties, undergoing changes including the change of environmental 

conditions and process [45],[49],[55]. If the tension applied is smaller than the solution surface 

tension V<Vc, the process will not occur as the surface tension of the solution will balance the 

voltage resulting from the applied electrostatic field. In the V>Vc optimum conditions, the 

electrostatic field is higher than critical tension after exceeding which the solution electro-

spinning process begins, and the interactions created between the electrostatic field and surface 

collector

nozzle

nozzle

core

internal solutionexternal solution

Taylor cone
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field voltage are stretching the polymer solution stream, which causes the creation of micro- 

and nanofibers. The electrostatic field, which exceeds many times the minimum necessary to 

initiate electrospinning, is called supercritical tension and, similar as in the standard electro-

spinning process, is leading to the formation of several to more than ten separate Taylor cones 

[45],[49],[55],[56],[65]. The way an electrostatic field is acting on the stream of two polymers 

(Fig. 2.12) can be divided into: 
- a critical field, in which the obtained Taylor zone is not disrupted in any way and spinning is 

performed optimally,  
- a field below critical tension, which is too small, hence the both solutions start to drip from 

the jets', 

- a supercritical field, which exceeds the voltage required for a given material and then the 

both solutions are divided and reverted towards the jet, which is accompanied by the forma-

tion of two independent streams, from which fibers with different diameter are obtained [66]. 

 

V<Vc V>Vc V>>Vc 

 

Figure 2.12. Electrostatic field acting on the stream of polymer solution; V<Vc – field  
below critical value; V>Vc – optimum field; V>>Vc –supercritical field 

 

An assumption of the EHD co-axial electrospinning is that the core solution and coating 

solution are stretched uniformly to obtain the core-coating nanofibers. The external solution, 

opposite to the internal one, acts as a guide for the charges created on the positive electrode, 

hence the solution should possess optimum electric conductivity [67]. 
The friction forces created between the solutions are more important than electric charges 

during core stretching. Stream flow continuity is interrupted in case of core solutions with 

insufficient viscosity. For this reason, it is important that viscosity of the solution used is 

sufficient to ensure uninterrupted continuity of stretching the internal stream. Interruption in 

core stream continuity is also prevented, apart from viscosity, by compressing the solution by 

the external coating as a result of the acting electrostatic field applied. This is additionally 
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supported by the existence of much smaller forces acting in the internal core, as it is 

surrounded by the shell solution, as compared with the situation where the core solution would 

be surrounded by gas, as is the case in standard electrospinning [65]-[68]. One solution is used 

in conventional electrospinning, and as the content of polymer in the solution is growing, so is 

increasing the diameter of the fibers obtained, whereas decrease in this content is reducing the 

diameter of the fibers being obtained. In the co-axial electrospinning method, if polymer 

content is increased in the core solution while maintaining the constant content of polymer in 

the shell solution, the diameter of the core itself as well as of the entire fibre is increased. As 

polymer content is increasing in the core solution, the diameter of the coating is decreased as 

the same proportion of the shell solution is distributed over a larger and larger core area. 

Interactions taking place between the core solution and the shell solution once they touch, i.e. 

at the end of the co-axial nozzle, are crucial for fabrication of core-coating nanofibers. 

Successful electrospinning of fibers in majority of cases is seen when the solvents applied do 

not mix with each other. The investigations carried out using PEO (poly(ethylene oxide) in  

a water and ethyl alcohol solution prove, however, that the application of the same solvent is 

considerably lessening the tension created between solutions, which supports electrospinning. 

As surface tension between two solutions is decreasing, the probability of continuous, 

uninterrupted electrospinning is decreasing.  
The evaporation rate of the solvents used plays an important role in developing the 

morphology of core-coating polymer nanofibers. If a solvent with a high evaporation rate (such 

as chloroform or acetone) is contained in the core solution, being a mixture of two solvents,  

a thin layer is then produced in contact with the shell solvent, blocking the solvent which is 

diffused slower [68]. Negative pressure is then generated in the core, and it is collapsing under 

the atmospheric pressure and may assume the shape of a cylinder and strip [69]. 
The electrical conductivity of solvents is responsible for the stretching of fibers. The higher 

it is, the higher density of surface charges repelling each other under the influence of an 

electrostatic field, which are stretching the stream. If the conductivity of the core solution is 

higher than the conductivity of the coating solution, the continuity of core-coating nanofibers 

fabrication is interrupted. For this reason, the conductivity of the shell solution should be larger 

than the core solution, as it is leading to the intensive elongation of the coating solution, during 

which shear stresses are acting on the core solution [70],[71]. 
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An electrostatic field is the primary factor of obtaining core-shell nanofibers leading to the 

formation of polymer nanofibers if the following conditions are met: 

- the shell solution is an electrospun material,  
- the shell solution should have higher viscosity than the core solution, 

- small surface tension should exist between the shell and core solution, 

- solvents with long evaporation time should be used, 

- the shell solution should have higher electric conductivity than the core solution.  
The flow of solutions is a prerequisite allowing to define the thickness of the micro- and 

nanofibers obtained. The diameter of the fibers obtained is also increased in standard 

electrospinning as the flow rate is growing. As a result of coaxial electrospinning, an increase 

in core solution flow entails an increase in the core diameter and the fibre diameter at the 

expense of decreasing the thickness of the external coating as the core flow is increasing. Core 

solution flow cannot be too small, though, as it may lead to interruptions in core continuity in 

the core-coating fibers. In order to ensure that core-coating polymer nanofibers are obtained, 

shell flow should be larger than core flow. Otherwise, the core solution flow is leading to 

Taylor cone destabilisation.  
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2.4. Key polymer nanofibers investigation methods  
 

Polymer nanofibers can be investigated by various research techniques, among which the 

following should be distinguished: scanning electron microscope (SEM), confocal microscope, 

transmission electron microscope (TEM), atomic forces microscope (AFM), X-ray structure 

analysis (XRD), IR spectroscopy, FTIR, ASA and methods enabling to investigate strength 

properties and specific surface using gas adsorption.  

The structure of the fibres obtained determined in the investigations presented further were 

observed using electron microscopes: a scanning and transmission microscope. SEM images 

were made using a Scanning Electron Microscope (SEM) Supra 35 by Carl Zeiss with the 

accelerating voltage of 3-25 kV equipped with the X radiation spectrometers: an energy 

dispersion EDS and wavelength WDS spectrometer and a system for analysing diffraction of 

back scattered electrons EBSD by EDAX. The high resolution and the precision imaging of the 

preparations viewed was achieved by applying a high performance In-lens SE detector working 

with low beam voltage and with a very small working distance of the preparation examined to 

the electron gun (Fig. 2.13).  
 

 
 

Figure 2.13. The example of using SEM technique for the investigations of the morphology  
of obtained polycaprolactone fibres from a 10% solution in a mixture of formic acid  

and acetic acid of 70:30 m/m 

1 μm 
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Scanning Electron Microscopy (SEM) is based on the examination of a surface of a given 

material by means of a focussed beam of electrons. Secondary electrons, back scattered 

electrons, Auger electrons and X-ray radiation recorded by means of detectors are created as a 

result of the activity of the beam of electrons with the material surface. The observations were 

made with the magnification of 1000 to 100,000 times in order to determine the influence of 

the applied solutions and fabrication conditions on the nanofibers diameter, their spatial 

arrangement and formation of defects. Digital Micrograph365 software was used in the 

investigations. The qualitative and quantitative analysis of the chemical composition of fibres 

obtained was carried out using the X-ray energy dispersive spectroscopy (EDS) with the 

application of the EDS LINK ISIS spectrometer of the Oxford Company being a component of 

the scanning electron microscope (Fig. 2.14). 

Transmission Electron Microscopy (TEM) is based on sample exposure with a beam of 

short-wave electrons, which improves microscope resolution (Fig. 2.15). A Tungsten fibre or 

LaB6 crystal, from which electrons are released, is the source of electrons in transmission 

microscopy. Accelerating voltage in TEM microscope is much higher than voltage in SEM 

microscopy and is between 100 to 400 kV. The image obtained is a two-dimensional projection 

 

 
 

Figure 2.14. The example of using EDX technique for the investigations of the composite 
nanofibres containing silver on the surface; peaks for copper derive from the copper  

support mesh applied 
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Figure 2.15. The example of using high-resolution transmission electron microscope HRTEM  
for the investigations of the structure of obtained composite fibres with 5% addition of silver 

nitrate; a photograph taken after precipitation of silver with a 2% ascorbic acid solution 
 

of the internal material structure on the plane, and the following is used in practice for 

observations: dispersion contrast, diffraction contrast and phase contrast. The structure of 

fibres in the investigations presented further in the work was examined with an S/TEM TITAN 

80-300 high-resolution transmission electron microscope  

HRTEM by FEI Company with the point resolution of ≤ 0.2 nm. The microscope applied is 

fitted with an electron gun with XFEG field emission, a Cs condenser spherical aberration 

corrector, a STEM scanning system, and also Bright Field (BF) and Dark Field (DF) detectors 

and High Angle Annular Dark Field (HAADF), and also EDS. Imaging in the transmission 

mode (parallel beam) and scanning/ transmission mode (concentrated beam) was used during 

the examinations using BF, DF and HAADF detectors. An HAADF detector in the STEM 

mode could be used to assess a morphology and structure of the examined nanocomposites. 

This type of examinations is adequate for materials the components of which are strongly 

differing in their ordinal number (so-called Z contrast). 

The operating principle of the Atomic Forces Microscope (AFM), also referred to as 

Scanning Probe Microscope (SPM), consists of interaction between the atoms of the surface of 

the examined sample with the test probe atoms. Coulomb and van der Waals forces should be 

distinguished here. As this microscope may work in several modes, in particular in the contact 

200 nm 
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mode and semi-contact mode, it allows to create images and measurements of the examined 

surfaces with very high resolution in relation to all three axes. The data obtained is transformed 

by means of a computer programme into an image of the examined surface with resolution 

reaching up to 0.1 nm relative to the axis x and y and 0.01 relative to the axis z.  

The XRD analysis of the phase composition of fibres and composites materials determined 

in the investigations presented further was carried out using PANalytical X’Pert PRO X-ray 

diffractometer equipped with the Xccelerator strip detector, in a goniometric system, using the 

filtered K radiation of the cobalt lamp at 40 kV voltage and 30 mA heater current. The 

reflected radiation intensity measurements were made in the 2θ angle range from 35 to 95° 

every 0.05° and counting time of 10 seconds (Fig. 2.16).  
 

 
 

Figure 2.16. The example of using the XRD analysis of the phase composition for the 
investigations of the polycaprolactone nanofibres obtained using a rotational collector 

 

Wide-angle X-ray scattering (WAXS) and wide-angle X-ray diffraction (WAXD) 

techniques were used to determine the crystalline structure of obtained fibres using apparatus 

DMAX RAPID II by Rigaku-Denki with installed rotating anode silver AgKα of wavelength  

λ = 0.05608 nm (Fig. 2.17). The degree of crystallinity was calculated using the Levenberg-

Marquardt algorithm (LMA), also known as the damped least-squares (DLS) method, which 

could be used in many software applications for solving generic curve-fitting non-linear least 

squares problems. These minimization problems arise especially in least squares curve fitting. 
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Figure 2.17. The example of using the Wide-angle X-ray scattering WAXS technique with 

approximation of radial profiles, determination of the degree of crystallinity based on 
Levenberg-Marquart method for polycaprolactone fibres deposited onto the rotational 

collector with the rotation speed 500 rev./min 
 

Infrared spectroscopy IR and Fourier transform infrared spectroscopy (FTIR) are the 

methods enabling to examine the vibrations of molecules of chemical compounds. In infrared 

spectroscopy, a sample is irradiated with infrared radiation (1000-20000 nm). If radiation 

energy corresponds to the energy difference between the basic state and excited state, a photon 

will undergo absorption and a molecule transits into an excited state with higher energy. This 

energy difference is measured in infrared spectroscopy, as it has to be accompanied by a 

change of dipole moment; the spectra recorded during the investigation come from the 

vibrations of polar groups, in particular such as –OH, –NH, C=O (Fig. 2.18).  

The inelastic scattering of radiation by a sample is used in Raman spectroscopy. The source 

of radiation in all Raman spectroscopes are lasers with the emitted length of waves from the 

range of ultraviolet and visible light (dispersion spectroscopes) to infrared (Fourier 

spectroscopes). The spectra recorded presents lines with the frequency equal to the frequency 

of the incident radiation and the next, much weaker lines with frequencies moved in relation to 

the initial radiation, so-called Stokes and Anti-Stokes lines with frequencies respectively 

smaller and larger than the initial radiation. Stokes bands are analysed most often in Raman 

spectra in terms of their much higher intensity in a spectrum. In a Raman spectrum those 
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vibrations are strong which, most of all, are coming from non-polar homonuclear groups, such 

as: C=C and N-N as well as from symmetric stretching vibrations, e.g. of aromatic rings. 

Moreover, Raman spectroscopy enables to record easily spectra in far infrared range (50-

400 cm-1), in which multiple bands exist characteristic for non-organic compounds. 

Electrical conductivity (EC) tests are undertaken for single-component solutions and 

double-component solutions using an MM41 multimetre by Labindex. Calibration in a water 

solution of Crysolyt KCl 3M with the conductivity of 1413 µS/cm was performed before  

a conductivity measurement. An electrical conductivity measurement according to stability 

over the time of 4 seconds at the temperature of 25ºC was employed in the tests presented 

further in the work. 
 

 
 

Figure 2.18. The example of using the FTIR method for the investigations of obtained 
polycaprolactone fibres from a 10% solution in a mixture of formic acid and acetic acid  
of 70:30 m/m deposited onto the rotational collector with the rotation speed 500 rev./min 

 

Viscosity tests of single-component and double-component solutions are performed by 

means of an Alpha L rotational viscometer by Labindex. An APM adapter for solutions with 

the volume of 8-13 ml was employed for measurements in the tests presented further in the 

work. The viscosity of solutions was measured with TL5, TL6 and TL7 spindles at room 

temperature. Spindle speed within the range of 0.3 to 100 rev./min was used for the tests. 
The BET specific surface area and porosity was assessed with the gas adsorption method. 

This method assumes that: 
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- active centres exist which may adsorb more than one gas molecule (multilayers are formed), 

- interaction is avoided between adsorbent molecules in the surface layer of the adsorbent, 
- the number of adsorbed molecules depends on the pressure, 
- adsorption heat of the first layer differs from adsorption heat of the next layers.  

A Geminii VII 2390t specific surface area analyser by Micrometrics was used for the 

examinations. The weighed samples with the mass of 0.2 g were subject to vacuum drying for 

24 hours at the temperature of 30ºC to remove humidity and the adsorbed gases. The dried 

samples were placed in the device and measurement conditions were defined. Pressure within 

the range of 0.1 to 1 was used for adsorption and desorption and nitrogen with the purity of 5.0 

was used as a measuring gas.  
The examinations of antimicrobial activity of the nanocomposites produced were carried 

out for the presence of:  
- Staphylococcus aureus ATCC 25923,  
- Escherichia coli ATCC 25922,  
- Candida albicans ATCC 10231.  

The reference strains of Candida albicans were used in the tests of anti-fungal activity. The 

samples of each of the examined composite sized 10×10mm were plasma sterilised and placed 

in 4 ml of a suspension of the reference fungal strain with the final density of 1.5∙105 CFU/ml 

(the units forming bacterial colonies in 1 ml) in tryptone water.  
A sample of UG material in 4 ml of tryptone water and 4 ml of tryptone water was used as 

a negative control and 4 ml of a suspension of the reference microbial strain with the density  

of 1.5∙105 CFU/ml was used as a positive control. 

The tested and control sample was made in 2 repetitions. After 17 hours of incubation at the 

temperature of 37°C in oxygen conditions, the volume of 20 µl was sifted from each test onto 

a permanent substrate for cultivating the fungi of Sabouraud agar. After 48 hours of incubation 

at the temperature of 37°C in oxygen conditions, the quantity of the cultivated fungus colonies 

was assessed to identify anti-fungal efficacy (AFE). The AFE of the examined samples was 

calculated according to the following dependency (2.1): 

%
V

VVAFE
c

tc 100[%] 


  (2.1) 

where:  
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Vc – microbial suspension density in the positive control (blanc),  

Vt – density of the tested microbial suspension. 
The reference strains of Staphylococcus aureus and Escherichia coli were used in the tests 

of antibacterial activity. The plasma-sterilised samples of each of the examined nanocompo-

sites and UG material were placed in 4 ml of the suspension of the reference fungal strain with 

the final density of 1.5∙105 CFU/ml in tryptone water.  
A sample of UG material in 4 ml of tryptone water and 4 ml of tryptone water was  

a negative control and 4 ml of suspension of the reference microbial strain with the density of 

1.5∙105 CFU/ml was a positive control (without the material samples). 

 

 
 

Figure 2.19. The example of the image of deoxyribonucleic acid DNA of NHDF cells cultured 
for 96 h and dyed by propidium iodide disclosed by the fluorescent method of a confocal 
microscopy on a substrate of nanofibers obtained from 10% of polycaprolactone solution  

in a mixture of formic acid and acetic acid with 5% additive of low molecular weight 
hyaluronic acid 

 

The tested and control sample was made in 2 repetitions. After 17 hours of incubation at the 

temperature of 37°C in microaerophilic conditions, the volume of 20 µl was sifted from each of 

the tested and control sample onto a permanent substrate for cultivating the bacteria of 

Columbia agar with a 5% addition of sheep blood. After 48 hours of incubation at the tempe-

rature of 37°C in microaerophilic conditions, the number of the cultivated bacteria colonies 

20 μm 
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was evaluated to determine anti-bacterial efficacy. The AFE of the examined samples was 

calculated according to the following dependency (2.2): 

%
V

VVABE
c

tc 100[%] 


  (2.2) 

where: 

Vc – microbial suspension density in the positive control (blanc),  

Vt – density of the tested microbial suspension. 

In order to evaluate the bioactivity of obtained nanofibres the normal human dermal 

fibroblasts NHDF were proliferated on their substrates by 96 h and surface density of cells 

grown on different substrates as the NHDF cell number referred to the unit area were 

compared. Rating of surface density of cultured cells were made using fluorescent confocal 

microscopy after dyeing with propidium iodide of deoxyribonucleic acid DNA of the cultured 

cells (Fig. 2.19). 
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2.5. Final remarks regarding the application and research 
perspectives of polymer nanofibers 

 
The polymers market has been developing since the 90’s. The BCC’s data reveals that the 

global consumption of polymer nanolayers will be growing since 2015 at a rate of 37% CAGR 

[72],[73], reaching the value of USD 2.2 billion in 2020. The dynamic advancement of 

polymer nanofibers is signified by year-to-year growth of a variety of research areas, the 

number of nanofibers-related publications, as well as the number of new enterprises 

specialising in industrial polymer nanofiber fabrication, in particular such as: SNS, Yflow, 

Elmarco FibeRio, eSpin [74]-[77]. 
Special characteristics of nanofibers justify a search for new uses of such materials. 

Nanofibers have been developing most intensively in the mechanical and chemical sector, 

including medicine, electronic and power industry, as they hold a great promise to develop 

products with unmet properties [78]-[88]. Polymer nanofibers are present these days also 

outside the textile industry and have been evolving in areas related to: medicine [34], filters 

[89], sensors [90], military industry, pharmacology, electronics [91], photovoltaics [92], envi-

ronmental protection and as components of composite materials [93]-[95] (Fig. 2.20). The 

application potential of nanofibers appears to be most surprising, which, despite so diversified 

directions of research, is currently estimated at a level not exceeding 1% of hypothetical 

possibilities not yet determined in practice [39],[40]. 

As an example of possible custom applications of polymer nanofibers are presented the 

own patents [96],[97], and first of all the preparation of hybrid and multilayer composite 

materials consisting of biologically active cellular structures was presented [98], as well as  

a substrate having its matrix made of optimally selected nanostructural composite materials 

with the matrix consisting of polymer nanofibers, acting as a scaffold, permitting controlled 

engineering material delamination from the biological layer, upon achieving the therapeutic 

aims defined by medical reasons, as a result of one or several appropriately chosen and selected 

physiochemical factors, e.g. temperature, magnetic field, electric current, active enzymatic or 

chemical activity, by selecting appropriately the active medium, and – in necessary cases – as  

a result of natural biodegradation (Fig. 2.21).  
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Figure 2.20. Development directions of nanofibers obtained in electrostatic field 

 

Such a hybrid, multi-layer composite biological and engineering material fulfils at the same 

time several functions, including: 

- ensures the readiness of different types of artificially cultured cells, as a biologically active 

internal layer of a biological and engineering composite, for assimilation with natural 

humans cells, e.g. skin cells or cells of the internal surface of blood vessels; and an ability to 

ensure the function of cells within the time required to culture them on a substrate made of  

a composite engineering material, to deliver and to apply for therapeutic purposes, until 

detachment from the composite engineering material substrate, after meeting the clinical 

requirements related to the therapy applied,  

- exhibits an ability of adhesion of a layer of different types of artificially cultured cellular 

structures to a multi-layer composite engineering material substrate as an external layer, 

ensuring the required mechanical properties, including rigidity and numerous, in some cases 
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Figure 2.21. Scheme of engineering-biological scaffold structure, where A – amyotrophic 
transition layer (or several): photodegradable, thermodegradable, pH-degradable, enzyme-

degradable, biodegradable layer, etc., subject to degradation or removal after fulfilling  
the therapeutic function by the entire composite or, after application to the wound, detaching 

from the substrate surface (D) and stiffening the wound by filling it, for faster in-growth  
of blood vessels or to improve adhesion to the wound, B – textured layer of an engineering 
material providing more space for cells culturing and enabling to create three-dimensional 
cellular structures, C – layer of three-dimensional structures of the grown cells, D – layer  

of a substrate engineering material ensuring strength properties required to transfer  
the grown tissues onto the damaged tissue surface  

 

alternative physiochemical properties, allowing final delamination of each layer of this 

engineering material, and most of all the non-destructive separation of cellular structures 

from a composite engineering material substrate on which they are grown after meeting the 

clinical requirements related to the therapy applied, 
- provides an ability of natural biodegradation of the substrate layer made of a composite 

engineering material, on which artificially cultured cells are located, being in direct contact 

with such cells, after meeting the clinical requirements related to the therapy applied or, 

alternatively, an ability to remove one or two indirect layers laid between a layer of 

artificially cultured cellular structures and a support substrate made of a composite 

engineering material, through controlled interaction of various physiochemical factors, 

including, e.g. temperature, magnetic field, electric current, active enzymatic or chemical 

activity, by selecting adequately the active medium, after meeting clinical requirements 
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related to the therapy applied, is dependent on the phenomena and mechanisms related to the 

artificial culturing of different types of cellular structures on a multi-layer composite 

engineering material substrate and on the surface phenomena and mechanisms connected 

with mutual adhesion of individual layers, on the technological process of fabrication of 

composite engineering material layers on which cellular structures are cultured and on the 

type, chemical composition and structure of each of the layers contained in this material and 

on their technological and operational properties in therapeutic conditions and during the 

influence of various physiochemical factors, including, e.g. temperature, magnetic field, 

electric current, active enzymatic or chemical activity, aimed at non-destructive separation of 

cellular structures from a composite engineering material substrate on which they are 

cultured, but after meeting the envisaged therapeutic function, e.g. after wound healing. 

It should be concluded in the light of the information presented that further scientific and 

application research is profoundly substantiated and expected over the fabrication, structure 

and properties of polymer nanofibers and composite materials requiring their content. The next 

chapter of the work presents the results of own research concerning the structure and properties 

of polymer nanofibers fabricated with the intention to employ them for the purpose of 

regenerative medicine.  



Polymer nanofibers produced by electrospinning  
applied in regenerative medicine  
 

2. Polymer Nanofibers Materials, Fabrication Technologies and Research Methods 119 

References to paper 2nd 
 

[1] P.A. Gunatillake, R. Adhikari, Biodegradable Synthetic Polymers For Tissue Engi-

neering, European Cells and Materials 5 (2003) 1-16. 

[2] J. Łaskawiec, R. Michalik, Theoretical and application considerations in implants, Wyda-

wnictwo Politechniki Śląskie, Gliwice, 2002 (in Polish). 

[3] S. Błażewicz, L. Stoch, Biocybernetics and Biomedical Engineering 2000, Vol. 4, Bio-

materials, Akademicka Oficyna Wydawnicza Exit, Warsaw, 2003 (in Polish). 

[4] F.K. Ko, Nanofiber technology: Bridging the Gap between Nano and Macro World, in:  

S. Guceri, Y.G. Gogotsi, V. Kuznetsov (eds.), Nanoengineered Nanofibrous Materials, 

Kluwer Academic Publisher, 2003. 

[5] X. Wang, H. Zhao, L.-S. Turng, Q. Li, Crystalline Morphology of Electrospun Poly(ε-

caprolactone) PCL nanofibers, I&EC Research 52 (2013) 4939-4949. 

[6] A.L. Andrady, Science and technology of polymer nanofibers, John Wiley & Sons, Inc., 

Hoboken, New Jersey, 2008. 

[7] M. Pakravan, M.-C. Heuzey, A. Ajji, Core-Shell Structured PEO-Chitosan Nanofibers by 

Coaxial Electrospinning, Biomacromolecules 13 (2012) 412-421. 

[8] K.T. Shalumon, K.H. Anulekha, C.M. Girish, R. Prasanth, S.V. Nair, R. Jayakumar, 

Single step electrospinning of chitosan/poly(caprolactone) nanofibers using formic 

acid/acetone solvent mixture, Carbohydrate Polymers 80 (2010) 413-419. 

[9] D. Paneva, M. Ignatova, N. Manolova, I. Rashkov, Novel chitozan-contating micro and 

nanofibrous materials by electrospinning: preparation and biomedical application, 

Chapter 3 in: W.N. Chang (ed.), Nanofibers Fabrication Perfomance and Aplications, 

Nanotechnology Science and Technology Series, Nova Science Publishers, New York, 

2009, 73-151. 

[10] M. Piątkowski, D. Bogdał, P. Radomski, A. Jarosiński, Application of chemically 

modified chitosan in metal ions' sorption, Czasopismo Techniczne, Chemia 107/10 

(2010) 257-266 (in Polish).  

[11] C.K.S. Pillai, W. Paul, C.P. Sharma, Chitin and chitosan polymers: Chemistry, solubility 

and fiber formation, Progress in Polymer Science 34 (2009) 641-678. 

[12] E. Obłąk, A. Gamian, The biological activity of quaternary ammonium salts (QASs), 

Postępy Higieny i Medycyny Doświadczalnej 64 (2010) 201-211.  



Open Access Library 
Annal V • 2015 • Issue 3 

 

120 L.A. Dobrzański (ed.) 

[13] W.N. Chang, Nanofibers Fabrication, Performance, and Applications, Nanotechnology 

Science and Technology Series, Nova Science Publishers, New York, 2009. 

[14] K.V. Harish Prashanth, R.N. Tharanathan, Chitin/chitosan: modifications and their 

unlimited application potential – an overview, Trends in Food Science & Technology 

18/3 (2007) 117-131. 

[15] C.A. Stone, H. Wright, V.S. Devaraj, T. Clarke, R. Powell, Healing at skin graft donor 

sites dressed with chitosan, British Journal of Plastic Surgery 53/7 (2000) 601-606. 

[16] T. Phaechamudcorresponding, J. Charoenteeraboon, Antibacterial Activity and Drug 

Release of Chitosan Sponge Containing Doxycycline Hyclate, AAPS PharmSciTech 9/3 

(2008) 829-835. 

[17] M.S. Karbownik, J.Z. Nowak, Hyaluronan in cancer – pathophysiology and phar-

macotherapy perspectives, Nowotwory, Journal of Oncology 61/4 (2011) 380-395 (in 

Polish). 

[18] E.K. Brenner, J.D. Schiffman, E.A. Thompson, L.J. Toth, C.L. Schauer, Electrospinning 

of hyaluronic acid nanofibers from aqueous ammonium solutions, Carbohydrate 

Polymers 87/1 (2012) 926-929. 

[19] M.N. Collins, C. Birkinshaw, Hyaluronic acid based scaffolds for tissue engineering – 

A review, Carbohydrate Polymers 92 (2013) 1262-1279. 

[20] A.D. Dobrzańska-Danikiewicz, Foresight methods for technology validation, roadmap-

ping and development in the surface engineering area, Archives of Materials Science 

Engineering 44/2 (2010) 69-86. 

[21] A.D. Dobrzańska-Danikiewicz, Computer integrated development prediction metho-

dology in materials surface engineering, Open Access Library 1/7 (2012) 1-289 (in 

Polish). 

[22] C.P. Poole Jr., F.J. Owens, Introduction to Nanotechnology, John Wiley & Sons, 2003. 

[23] A.A. Tseng, Nanofabrication: Fundamentals and Applications, World Scientific Publi-

shing Co Ltd, 2007. 

[24] Y. Champion, H.-J. Fecht, Nano-Architectured and Nanostructured Materials Fabrication, 

Control and Properties, Wiley-VCH, Weinheim, 2004. 

[25] M. Köhler, W. Fritzsche, Nanotechnology: An Introduction to Nanostructuring Tech-

niques, Wiley-VCH, Weinheim, 2004. 



Polymer nanofibers produced by electrospinning  
applied in regenerative medicine  
 

2. Polymer Nanofibers Materials, Fabrication Technologies and Research Methods 121 

[26] Nanoscience and Nanotechnology – National Strategy for Poland, Governmental docu-

ment, 2006 (in Polish). 

[27] 2010 Nanotechnology Research Review, BCC Research Report NAN047B, January 

2011. 

[28] R.W. Kelsall, I.W. Hamley, M. Geoghegan, Nanotechnologies, PWN, Warszawa, 2008 

(in Polish). 

[29] B. Bhushan (ed.), Springer Handbook of Nanotechnology, Second Edition, Springer, 

2007. 

[30] M.C. Roco, C.A. Mirkin, M.C. Hersam, Nanotechnology Research Directions for 

Societal Needs in 2020, Springer, 2011. 

[31] A. Huczko, M. Bystrzejewski, Fullerenes 20 years later, Wydawnictwo Uniwersytetu 

Warszawskiego, Warsaw, 2007 (in Polish).  

[32] A. McWilliams, Nanotechnology: A Realistic Market Assessment, BCC Research Report 

NAN031D, July 2010. 

[33] M. Gagliardi, Nanofibers: Technologies and Developing Markets, BCC Research Report 

NAN043A, June 2007. 

[34] A. Sionkowska, Current research on the blends of natural and synthetic polimer as new 

biomateriale: Review, Progress in Polymers Science 36 (2011) 1254-1276. 

[35] D. Smock, Bioplastics: Technologies and Global Markets, BCC Research Report 

PLS050A, September 2010. 

[36] M. Lisunova, A. Hildmann, B. Hatting, V. Datsyuk, S. Reich, Nanofibers of CA/PAN 

with high amount of carbon nanotubes by core-shell electrospinning, Composites Science 

and Technology 70 (2010) 1584-1588. 

[37] Y. Xia, F. Zhang, H. Xie, N. Gu, Nanoparticle-reinforced resin-based dental composites, 

Journal of Dentistry 36 (2008) 450-455. 

[38] W. Sun, Q. Cai, P. Li, X. Deng, Y. Wei, M.M. Xu, X. Yang, Post-draw PAN-PMMA 

nanofiber reinforced and toughened Bis-GMA dental restorative composite, Dental 

Materials 26 (2010) 873-880. 

[39] C. Kriegel, K.M. Kit, D.J. McClements, J. Weiss, Electrospinning of chitosan-poly(ethy-

leneoxide) blend nanofibers in the presence of micellar surfactant solutions, Polymer 50 

(2009) 189-200. 



Open Access Library 
Annal V • 2015 • Issue 3 

 

122 L.A. Dobrzański (ed.) 

[40] P.X. Ma, Scaffolds for tissue fabrication, Materials Today 7/5 (2004) 30-40.  

[41] M. Shahi, A. Moghimi, B. Naderizadeh, B. Maddah, Electrospun PVA-PANI and 

PVAPANI-AgNO3 composties nanofibers, Scientia Iranica C 18/6 (2011) 1327-1331. 

[42] J.S. Varabhas, G.G. Chase, D.H. Reneker, Electrospun nanofiberes from a porous hollow 

tube, Polymer 49 (2008) 4226-4229. 

[43] C. Wang, K.-W. Yan, Y.-D. Lin, P.C.H. Hsieh, Biodegradable core/shell fibers by 

coaxial electrospinning; processing fiber characterization and its application in sustained 

drug release, Macromolecules 43 (2010) 6389-6397. 

[44] H. Zhang, C.G. Zhao, Y.H. Zhao, G.W. Tang, X.Y. Yuan, Electrospinning of ultrafine 

core/shell fibes for biomedical applications, Science China Chemistry 53/6 (2010) 1246-

1254. 

[45] T.T.T. Nguyen, O.H. Chung, J.S. Park, Coaxial electrospun poly(lactic acid)/chitosan 

(core/ shell) composite nanofibers and their antibacterial activity, Carbohydrate Polymers 

86 (2011) 1799-1806. 

[46] M.M.E. Gomes, A Bone tissue engineering strategy based on starch scaffoldsand bone 

marrow cells cultured in a flow perfusion bioreactor, Universidade Do Minho Escola De 

Engenharia Grupo De Investigação 3b’s - Biomateriais, Biodegradáveis, Biomiméticos 

Departamento De Engenharia De Polímeros, Outubro de 2004. 

[47] A. Kaźnica, R. Joachimiak, T. Drewa, T. Rawo, J. Deszczyński, New trends in tissue 

engineering, Arthroscopy and Joint Burgery 3/3 (2007) 11-16. 

[48] R. Nappalli, C. Marega, A. Marigo, M.P. Bajgai, H.Y. Kim, V. Causin, Poly(ε-capro-

lactone) filled with electrospun nylon fibres: A model for a facile composite fabcitaion, 

European Polymer Journal 46 (2010) 968-976. 

[49] R.W. Tuttle, A. Chowdury, E.T. Bender, R.D. Ramsier, J.L. Rapp, M.P. Espe, Electro-

spun ceramic fibers: Composition, structure and the fate of precursors, Applied Surface 

Science 254 (2008) 4925-4929. 

[50] L. Huppenthal, Polymer solutions, Wydawnictwo Naukowe Uniwersytetu Mikołaja 

Kopernika, Toruń, 2008 (in Polish).  

[51] K. Ohkawa, H. Kim, K. Lee, Biodegradation of Electrospun Poly(e-caprolactone) Non-

woven Fabrics by Pure-Cultured Soil Filamentous Fungi, Journal of Polymers and the 

Environment 12/4, (2004) 211-218. 

[52] W. Przygocki, A. Włochowicz, Arrangement of microparticles in polymers and fibers, 

Wydawnictwa Naukowo-Techniczne, Warsaw, 2006 (in Polish). 



Polymer nanofibers produced by electrospinning  
applied in regenerative medicine  
 

2. Polymer Nanofibers Materials, Fabrication Technologies and Research Methods 123 

[53] L. Cadematiri, G.A. Ozin, Nanochemistry – key concepts, Wydawnictwo Naukowe 
PWN, Warsaw, 2011 (in Polish). 

[54] J.M. Deitzel, J.D. Klein Meyer, J.K. Hirvonen, N.C. Beck Tan, The effect of processing 
variables on the morphology of electrospun nano fibers and textiles, Journal of Polymer 
Science 42/1 (2001) 261-272. 

[55] R. Khajavi, M. Abbasipour, Electrospinning as a versatile method for fabricating 
coreshell, hollow and porous nanofibers, Scientia Iranica F 19/6 (2011) 2029-2034.  

[56] J.T. McCann, M. Marquez, Y. Xia, Melt coaxial electrospinning: a versatile methods for 
the encapsulation of solid materials and fabrication of phase change nanofibers, Nano 
Letters 6/12 (2006) 2868-2872. 

[57] Z.-x. Cai, X.-m. Mo, K.-h. Zhang, L.-p. Fan, A.-l. Yin, C.-l. He, H.-s. Wang, Fabrication 
of Chitosan/Silk Fibroin Composite Nanofibers for Wound-dressing Applications, 
International Journal of Molecular Sciences 11 (2010) 3529-3539. 

[58] R. Jayakumar, M. Prabaharan, P.T.S. Kumar, S.V. Nair, H. Tamura, Biomaterials based 
on chitin and chitosan in wound dressing applications, Biotechnology Advances 29 
(2011) 322-337. 

[59] C. Xu, F. Xu, B. Wang, T.J. Lu, Electrospinning of Poly(ethylene-co-vinyl alcohol) 
Nanofibres Encapsulated with Ag Nanoparticles for Skin Wound Healing, Journal of 
Nanomaterials (2011) ID 201834. 

[60] A.G. Kanani, S.H. Bahrami, Review on Electrospun Nanofibers Scaffold and Biomedical 
Applications, Trends in Biomaterials and Artificial Organs 24/2 (2010) 930115. 

[61] H.T. Zhuo, J.L. Hu, S.J. Chen, Coaxial electrospun polyurethane core-shell nanofibers for 
shape memory and antibacterial nanomaterials, eXPRESS Polymer Letters 5/2 (2011) 
182-187.  

[62] D. Li, Y. Xia, Electrospinning of Nanofibers: Reinventign the Wheel, Advanced Mate-
rials 16/14 (2004) 1151-1170. 

[63] E.S. Kim, S.H. Kim, C.H. Lee, Electrospinning of Polylactide Fibers Containing Silver 
Nanoparticles, Macromolecular Research 18/3 (2010) 215-221. 

[64] K.H. Hong, J.L. Park, I.H. Sul, J.H. Youk, T.J. Kang, Preparation of Antimicrobial 
Poly(vinyl alcohol) Nanofibers Containing Silver Nanoparticles, Journal of Polymer 
Science. Part B Polymer Physics 44 (2006) 2468-2474.  

[65] M.F. Elahi, W. Lu, G. Guoping, F. Khan, Core-shell Fibers for Biomedical Applications 
– A Review, Bioengineering & Biomedical Sciences 3/1 (2013) 1-14, doi: 10.4172/2155-
9538.1000121. 



Open Access Library 
Annal V • 2015 • Issue 3 

 

124 L.A. Dobrzański (ed.) 

[66] J.H. Yu, S.V. Fridrikh, G.C. Rutledge, Production of submicrometer diameter fibers by 

twofluid electrospinning, Advanced Materials 16/17 (2004) 1562-1566. 

[67] Y. Zhang, Z.-M. Huang, X. Xu, C.T. Lim, S. Ramakrishna, Preparation of Core-Shell 

Structured PCL-r-Gelatin Bi-Component Nanofibers by Coaxial Electrospinning, 

Chemistry of Materials 16 (2004) 3406-3409. 

[68] D. Li, A. Babel, S.A. Jenekhe, Y. Xia, Nanofibers of Conjugated Polymers Prepared by 

Electrospinning with a Two-Capillary Spinnert, Advanced Materials 16/22 (2004) 2062-

2066. 

[69] G. Larsen, R. Sprets, R. Velarde-Ortiz, Use of coaxial gas jackets to stabilize Taylor 

cones of volatile solutions and to induce particle-to-fiber transitions, Advanced Materials 

16/2 (2004) 166-169. 

[70] H. Fong, I Chun, D.H. Renker, Beaded nanofibers formed during electrospinning, 

Polymer 40 (1999) 4585-4592.  

[71] M.M. Hohman, M. Shin, G. Rutledge, M.P. Brenner, Electrospinning and electrically 

forced jets. II Applications, Physical of Fluids 13/9 (2001) 221-2236. 

[72] A. McWilliams, Nanocomposites, Nanoparticles, Nanoclays, and Nanotubes, BCC 

Research Report NAN021D, January 2010. 

[73] P.D. Dalton, D. Klee, M. Moller, Electrospinning with dual collection rings, Polymer 46 

(2005) 611-614. 

[74] A. Jaworek, A.T. Sobczyk, Electrospraying route to nanotechnology: an overview, 

Journal of Electrostatics 66 (2008) 197-219. 

[75] Y. Wu, L.A. Carnell, R.L. Clark, Control of electrospun mat width through the use of 

parallel auxiliary electrodes, Polymer 48 (2007) 5653-5661. 

[76] L.R. Xu, L. Li, C.M. Lukehart, H. Kuai, Mechanical Characterization of nanofiber 

reinforced composite adhesives, Journal of Nanoscience and Nanotechnology 7 (2007)  

1-3. 

[77] H. Dodiuk-Kenig, K. Lizenboim, S. Roth, B. Zalsman, W.A. McHale, M. Jaffe, K. Gris-

wold, Performance enhancement of dental composites using electrospun nanofibers, 

Journal of Nanomaterials 2008 (2008) 1-6, ID 840254. 

[78] I.S. Chronakis, Novel nanocomposites and nanoceramics based on polimer nanofibers 

using electrospinning proces – A review, Journal of Materials Processing Technology 

167/2-3 (2005) 283-293.  



Polymer nanofibers produced by electrospinning  
applied in regenerative medicine  
 

2. Polymer Nanofibers Materials, Fabrication Technologies and Research Methods 125 

[79] T. Ondarcuhu, C. Joachim, Drawing a single nanofibers over hundreds of microns, Euro-

physics Letters 42/2 (1998) 215-220. 

[80] W. Bendkowska, Review of Nanofibers Formation Techniques. Part I Laboratory tech-

niques, Przegląd Włókienniczy, Włókno, Odzież, Skóra 10 (2007) 31-35 (in Polish). 

[81] M.J. Pender, K.M. Forsthoefel, L.G. Sneddon, Molecular and polymeric precursors to 

boron carbide nanofibers, nanocylinders, and nanoporous ceramics, Pure and Applied 

Chemistry 75/9 (2003) 1287-1294.  

[82] J. Zeng, X. Xu, X. Chen, Q. Liang, X. Bian, L. Yang, X. Jing, Biodegradable electrospun 

fibers for drug delivery, Journal of Controlled Release 92 (2003) 227-231. 

[83] A. McWilliams, Nanostructured Materials for the Biomedical, Pharmaceutical, & Cos-

metic Markets, BCC Research Report NAN017D, November 2007.  

[84] W. Brostow, T. Datashvili, C. Velasco-Santos, Natural-Synthetic Hybrid Polymers Deve-

loped via Electrospinning: The Effect of PET in Chitosan/Starch System, International 

Journal of Molecular Sciences 12 (2011) 1908-1920. 

[85] P. Gentile, V. Chiono, C. Tondra-Turo, A.M. Ferreira, G. Ciardelli, Polymeric mem-

branes for guided bone regeneration, Biotechnology Journal 6/10 (2011) 1187-1197. 

[86] G. Ma, Y. Liu, D. Fang, J. Chen, C. Peng, X. Fei, J. Nie, Hialuronic acid/chitosan poly-

electrolyte complexes nanofibers prepared by electrospinning, Materials Letters 74 

(2012) 78-80. 

[87] Z. Du, C. Li, L. Li, M. Zhang, S. Xu, T. Wang, Simple fabrication of a sensitive 

hydrogen peroxide biosensor using enzymes immobilized in processable polyaniline 

nanofibers/ chitosan film, Materials Science and Engineering C 29 (2009) 1794-1797. 

[88] M. Ignatova, N. Manolova, I. Rashkov, Electrospinning of poly(vinyl pyrrolidone)–

iodine complex and poly(ethylene oxide)/poly(vinyl pyrrolidone)–iodine complex –  

a prospective route to antimicrobial wound dressing materials, European Polymer Journal 

43 (2007) 1609-1623. 

[89] A. Daneleviciute-Vaisniene, J. Katunskis, G. Buika, Electrospun PVA nanofibers for gas 

filtration applications, Fibers & Textiles in Eastern Europe 17/6 (2009) 40-43. 

[90] A. Stafiniak, B. Boratyński, A. Baranowska-Korczyc, A. Szyszka, M. Rzmiączek-Kraso-

wska, J. Prażmowska, K. Fronc, D. Elbaum, R. Paszkiewicz, M. Tłaczała, A novel 

electrospun ZnO nanofibers biosensor fabrication, Sensor and Actuators B: Chemical 

160/1 (2011) 1413-1418. 



Open Access Library 
Annal V • 2015 • Issue 3 

 

126 L.A. Dobrzański (ed.) 

[91] W. Li, D.M. Jang, S.Y. An, D. Kim, S.-K. Hong, H. Kim, Polyaniline-chitosan 

nanocomposite: High performance hydrogen sensor from new principle, Sensor and 

Actuators B: Chemical 160/1 (2011) 1020-1025. 

[92] P. Joshi, L. Zhang, D. Davoux, Z. Zhu, D. Galipeau, H. Fong, Q. Qiao, Composite of 

TiO2 nanofibers and nanopartices for dye-sensitized solar cells with significantly 

improved efficency, Energy & Environmental Science 3/10 (2010) 1507-1510. 

[93] M. Tian, Y. Gao, Y. Liu, Y. Liao, R. Xu, N.E. Hedin, H. Fong, Big-GMA/TEGDMA 

dental composites reinforced with electrospun nylon 6 nanocomposite nanofibes con-

taining highly aligned fibrillar silicate single crystals, Polymer 48 (2007) 2720-2728.  

[94] L. Chen, Q. Yu, Y. Wang, H. Li, BisGMA/TEGDMA dental composite containing high 

aspect-ratio hydroxyapatite nanofibes, Dental Materials 27/11 (2011) 1187-1195. 

[95] H. Fong, Electrospun nylon 6 nanofibes reinforced BIS-GMA/TEGDMA dental resto-

rative composite resins, Polymer 45 (2004) 2427-2432. 

[96] L.A. Dobrzański, A. Hudecki, A way of producing composite material with bioactive and 

bactericidal properties, Patent application P 410427, 08.12.2014.  

[97] L.A. Dobrzański, A. Hudecki, A way of producing composite material with bioactive and 

bactericidal properties, Patent application P 410452, 08.12.2014. 

[98] L.A. Dobrzański et al., Patent application in progress, 2015. 

 


