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Abstract 

An electrospinning process was used for bioactive nanofibrous structures preparation. Neat 

polycaprolactone nanofibres and polycaprolactone nanofibres containing hydroxyapatite 

nanoparticles were successfully prepared via electrospinning and characterized using scanning 

electron microscopy. Mechanical properties of the nanofibres were analyzed using uniaxial tensile 

strength test. Results of the testing showed strong influence of the nanofibres direction alignment and 

nanoparticles presence on the mechanical properties of the prepared structures. The direction 

alignment contributed to higher elastic modulus and failure stress regardless the presence of the 

hydroxyapatite nanoparticles in the structure. However, the direction alignment considerably reduced 

failure strain of the structure. An interesting phenomenon occurred by the composite nanofibres – the 

influence of the hydroxyapatite particles was more distinct by the random fibres (they worsened 

failure strain and failure stress of the random composite fibres) but the hydroxyapatite particles did 

not have such strong effect on the parallelly aligned fibres.  

The samples were then modified by surface low-temperature plasma treatment to improve biological 

properties of the nanofibres. Change of the nanofibres surface characteristics was examined by contact 

angle measurement by sessile drop method and by XPS spectroscopy. The contact angle measurement 

showed that the plasma treatment considerably increased structures hydrophilicity – was 

unmeasurable. The XPS analysis explained the effect of the plasma treatment on microscopical scale –  

the plasma treatment had affected only polymer constituent of the treated structure, the 

hydroxyapatite nanoparticles remained intact.  

Selected prepared structures were biologically tested. Test in simulated body fluid proved high 

bioactivity of the polycaprolactone/hydroxyapatite composite nanofibres through precipitation of 

calcium phosphates phases on the composite structures. Following in-vitro tests using living cell 

cultures (ISO 10993-5 and WST-8 test) proved beneficial influence of the hydroxyapatite in the 

structure and of the surface plasma treatment when bioactivity of the plasma treated composite 

structures increased 1.5 times compared to the neat as-spun polycaprolactone fibres. 
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Abstrakt 

Elektrostatické zvlákňování bylo použito pro příprvu čistě polykaprolaktonových nanovláken a 

kompozitních nanovláken na bázi polykaprolaktonu s hydroxyapatitovými nanočásticemi. Připravená 

vlákna byla analyzována za použití rastrovací elektronové mikroskopie. Mechanické vlastnosti vláken 

byly určeny prostřednictvím zkoušky jednoosým tahem. Testy prokázaly silnou závislost mechanických 

vlastností vláken na jejich směrovém uspořádání a fázovém složení (především přítomnosti 

hydroxyapatitových částic). Směrové uspořádání vláken přispělo k výraznému zlepšení napětí při 

přetržení a celkové tažnosti. Zajímavý jev byl pozorován v případě kompozitních vláken– 

hydroxyapatitové částice zhoršily mechanické vlastnosti neuspořádaných vláken (napětí při přetržení 

a celkovou tažnost), ale vliv částic nebyl tak patrný v případě směrově uspořádaných vláken.  

Povrchové vlastnosti vláken byly modifikovány prostřednictvím nízkoteplotní plazmy. Změny 

povrchových vlastností vláken byly analyzovány pomocí měření kontaktního úhli a XPS analýzy 

(rentgenové fotoelektronové spektroskopie). Měření kontaktního úhlu ukázalo výrazný vliv 

plazmového opracování na povrchovou smáčivost vláken, kdy kontaktní úhel byl zcela neměřitelný. 

Výsledky analýzy ukázaly vliv plazmového opracování struktur na mikroskopické úrovni – plazmové 

opracování ovlivnilo pouze polymerní složku vláknitých struktur, zatímco hydroxyapatitové částice 

nebyly ovlivněny vůbec. 

Na vybraných strukturách bylo provedeno několik biologických zkoušek. Test v simulovaném tělním 

roztoku prokázal bioaktivitu kompozitních (polykaprolaton/hydroxyapatit) nanovláken prostřednoctví 

precipitace fází na bázi fosforečnanů vápenatých na povrchu kompozitních struktur. Následné in-vitro 

buněčné testy (dle normy ISO 10993-5 a WST-8 test) prokázaly významný pozitivní přínos 

hydroxyapatitových částic ve vláknitých strukturách, stejně jako kladný vliv plazmového opracování, 

kdy kompozitní oplazmovaná vlákna vykazovala 1,5násobnou bioaktivitu v porovnání s 

neplazmovanými čistě polykaprolaktonovými vlákny. 

 

Klíčová slova: Elektrostatické zvlákňování, nanovlákna, polykaprolakton, hydroxyapatit, plazmové 

opracování 
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1 Introduction 
Modern medicine is constantly developing every day. In the past, the only task of the doctors was saving 

bare life of the patient. Nowadays, also quality of patient‘s life plays an important role in the medical 

treatment. Therefore, the medicine is closely connected with the latest research to implement new 

procedures, that are less invasive (and hence painful) and more efficient, to the common praxis. The 

research focuses on both new materials and new technologies. 

One of the most dynamic fields of study is tissue engineering that focuses on treating large wounds (both 

chronic and injuries) that our body cannot heal itself. The human body has a great ability of regeneration, 

but it has its limits – if there is a damage larger than approximately 5 mm, our body needs help for full 

recovery. The implants that are used as the damaged (or missing) tissue replacement, have to provide 

mechanical support for the surrounding tissue and protect the wound from the surrounding environment 

(as protentional source of infection). The implant material also must not cause any inflammation reaction 

in the body.  

In the past, people used for example metal plates for bone replacements and there are also known 

attempts to replace the damaged skin with animal (usually pig) tissue. The modern medicine tries to use 

implants, so called scaffolds, that are structurally and mechanically closed to the human tissues. The 

scaffolds must fulfill more requirements than just biocompatibility – they should actively support the 

healing process and they should be bioresorbable. It means that the gradually dissolve in the body 

environment during the healing process and they are replaced by the new tissue without any residues left 

in the body. 

To fulfil the requirements mentioned above, the researchers are trying to mimic the natural tissues in the 

means of structural, chemical and phase composition. New methods of synthesis, production and post-

production treatment are developed to reach the goals. Considering the fibrous structure of all the body 

tissues, electrospinning is a promising method for scaffold production. The process is based on the 

interaction of a liquid precursor with a high electrostatic voltage resulting in a continuous fiber. Since the 

main requirement for the electrospinning precursor are liquid state and electrical conductivity, the 

method is very versatile and allows production of a wide variety of fibrous structures. 

This thesis is focused on preparation of a bioactive fibrous structure with potential utilization in bone 

tissue engineering. It describes optimization of the precursor composition,  electrospinning parameters 

and surface treatment, analysis of the prepared structures, mechanical and biological tests.  
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2 Theoretical background 

 Bone tissue and its regeneration 
The human body consists of two types of tissues – hard and soft ones. The hard tissues (bones, cartilage) 

mechanically support the body and soft tissues (muscles, skin etc.) define shape of the body, enable its 

movability and build all the organs. The main tissue constituents are water, proteins, inorganic substances 

and the living cells. The constituents ratio differs among various tissues. [1] 

Bones are mineralized connective tissue that provides mechanical support and bears mechanical tension. 

Another role of the bones are protection of inner organs, calcium and phosphorus deposit and it plays 

important role in the immune system. Bones have a complicated macro- and microstructure consisting of 

an organic fibrous matrix (22 wt.%) formed mainly from collagen, inorganic substance (60 – 70 wt.%, 

mostly calcium and phosphorus) and water (10 wt.%). [1] 

There are two types of the bone tissue – lamellar and trabecular. The lamellar bone is formed from 

osteons, long cylindrical elements aligned along the bone. The basic constituents of the osteons are 

collagen fibres with small inorganic crystals. The inorganic crystals have chemical composition similar to 

hydroxyapatite [Ca10(PO4)6(OH)2] and they form a continuous mesh in osteons. The lamellar bone is 

nourished by vessels going though Harvesian canals that are placed in each osteon. The osteons surround 

a marrow cavity where bone marrow is located. [1] 

The other type of the bone tissue is a trabecular bone (known as cancellous or spongy) that forms ends 

of the long bones. The trabecular bone has 3D collagen fibril structure and it plays an important role in 

the bone regeneration – the trabecular bone tissue can be changed into the lamellar bone tissue by 

activity of the bone cells. The regeneration process will be further explained in the following chapters. [1] 

The bone regeneration does not take place only after an injury, but it goes on during the whole life. Three 

types of bone cells are important for the bone regeneration process – osteoblasts, osteoclasts and 

osteocytes. The balanced activity of the cells is crucial for the whole regeneration process. [2] 

Osteoclasts are large (100 µm) multinucleus cells and they are responsible for bone tissue decomposition. 

The osteoclasts are attached to the bone surface with their edges and they use protrusions to etch 

inorganic constituents of the bone and hence create place for a new bone tissue. [2] 

Osteoblasts create the new bone tissue. They are located on the bone surface in a single layer and they 

cannot proliferate. They secret organic substances critical for the bone matrix formation (e.g. collagen) 

and their activity also supports bone mineralization process. Some of the osteoblasts are left in the new 

bone tissue and changed to osteocytes. This conversion can be reversible. [2] 

The osteocytes are the most common type of the bone cells. They are originated from the osteoblasts and 

they are able to detect changes in stress load during the bone remodelation. Osteocytes react to these 

signals by regulation of osteoclasts and osteoblasts activity. [2] 

 Healing of a bone injury 
The bone regeneration process consists of several partial steps. When a bone is damaged, a bleeding 

occurs since the vessels nourishing the bones are interrupted. Therefore, the first step of the healing 

process is clot formation to prevent further blood loss. After that, removal of the damaged tissue begins 

(this phase starts already after 8 hours since the injury). Along with the damaged tissue decomposition, a 
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new tissue formation starts. At first, a callus consisting of collagen fibres is created and its main role is 

fixation of the damaged bone edges. New vessels are then created in the callus to nourish cells working 

in the place of the injury. [1] 

When the bone edges are connected, osteoblasts start to calcify the callus and turn it into trabeculae, the 

basic unit of the trabecular bone. The osteoclasts begin to form canals going through the old and new 

bone to enable creation the vessel system and osteons formation. Beside the described process that takes 

place on the bone surface, a similar process goes on in the marrow cavity. The healing process of the 

marrow cavity is considerably faster thanks to naturally generous blood supply. The whole bone 

regeneration process takes approximately four weeks. [1] 

The second phase of the bone regeneration is bone remodelation when the trabecular bone is changed 

to lamellar one. This process takes typically two weeks meaning that the whole healing process of a bone 

injury lasts approximately six weeks. [1] 

 Bone implants and biocompatible materials 
The body’s natural capability of self-healing is rather limited and in the case of a vast injury it needs some 

outer help. Therefore, so called grafts or scaffolds are used as a support. The grafts are natural implants 

form the same tissue type. Sometimes patient’s own tissue can be used as a graft (autografts), sometimes 

the implant is harvested from a donor (allografts). The grafts are naturally biocompatible, but they require 

an additional (painful) surgery and there is also a large risk of infection and in the case of allografts, an 

additional danger of immune reaction and disease transfer exist. 3 In the past, xenografts (the donor 

belongs to a different species, e.g. pig) were often used as implants but their long-term biocompatibility 

is speculative. [3] Therefore, artificial implants are looked for. 

The modern bone implants must fulfill several requirements. The crucial one is biocompatibility followed 

by characteristics supporting new bone tissue formation: osteoinduction, osteoconduction  and 

osseointegration. The osteoinduction means chemical stimulation of the mesenchymal cells to 

differentiate into the osteoblasts. Osteoconduction is given by scaffold’s micro- and macrostrucure and it 

directs the new bone growth onto the scaffold surface or into its volume. The osseointegration is ability 

of the implant to form a chemical bond with the new bone tissue. [4] 

Mechanical properties of the implant must be close to the natural tissue otherwise viability of the 

surrounding tissue would be endangered. A typical example of the mechanical properties mismatch is 

titanium that is considerably tougher than the bone tissue. It causes loss of inorganic compounds from 

the surrounding tissue, the surrounding bone loses its mechanical properties and a danger of an additional 

injury occurs. [4] 

2.3.1 Implant materials 
Nowadays, the most common material of the bone implants (e.g. hip replacements) is titanium. It was 

believed it is bioinert but it occurred that it can undergo a passivation process that causes inflammation 

in the body environment. [5] 

Ceramic materials were the second choice for the bone replacements. Aluminum oxide and zirconium 

oxide are examples of bioinert ceramics. However, their mechanical properties prevent these oxides from 

wide use. [1] 
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Considering composition of the natural bone tissue, materials based on calcium phosphates are logical 

choice for the bone implants. There are several calcium phosphates studied for tissue engineering 

utilization, for example hydroxyapatite, β-tricalcium phosphate or α-tricalcium phosphate. They differ by 

the Ca/P ratio that also define their solubility in the human body. The solubility can be further influenced 

by some substituents such as Mg2+, Si4+ or Sr2+. [6] 

Another type of studied materials are natural polymers that can be derive directly from living organisms 

or they can be produces artificially. They have guaranteed biocompatibility and their dissolution rate in 

the human body can be easily forecasted. Alginate, chitosan and collagen are promising for the tissue 

engineering. However, these materials are rather expensive, and they often require toxic solvents. [7, 8, 

9]   

Artificial polymers such as polycaprolactone, poly(lactic-co-glycolic) acid (PLGA) or polyvinyl alcohol (PVA) 

are typical are the last type of materials that are widely studied for the tissue engineering. The artificial 

polymers have different degradation rate that can be designed by combination of various polymers. Their 

low price is another benefit of the artificial polymers. On the other hand, their low contact angle is one of 

their biggest disadvantages. [9]  

2.3.2 Implant structures 
The dense materials, typically metal or ceramic, are the oldest type of the bone implants. The main 

motivation of their use was just replacement of the missing tissue and mechanical support of the 

surrounding tissue.  

The dense materials were replaced by porous materials in the medical praxis. They enable the bone 

forming cells to migrate into the implant volume and to firmly attach onto the implant surface. [10, 11] 

Porous implants are usually made of ceramics by selective etching of a dense material [12],  foaming of a 

ceramic suspension [10],  stereolithography rapid prototyping (3D printing) [13] or emulsion freeze-

drying. [14] 

Fibrous materials can successfully mimic natural structure of the living tissues. Moreover, they are easily 

penetrable for the cells and chemical substances. Polymers are the most suitable materials for the fibres 

formation, regardless the production technology but also inorganic materials can be produced in the form 

of fibres. Inorganic nanofibres are usually based on calcium phosphates or bioglasses but they are rather 

brittle that limits their utilization in the tissue engineering. Therefore, the ceramic phase is often 

implemented into the polymer fibres in the form of particles. They combine beneficious chemical 

properties of the calcium phosphates and good mechanical properties of the polymers. A disadvantage of 

the ceramic-polymer fibres is complicated production process. [15, 16] 

There are three most common methods of the fibres production – phase separation, self-assembly 

method and electrospinning. The phase separation is a method suitable for preparation of polymer fibres, 

porous membranes and thin films. Advantages of this method are simple apparatus and possibility of 

macroscopic alignment of the resulting structure. However, the process itself and also its optimization are 

time-consuming. [17] The self-assembly process is very versatile but time and money consuming. The 

process also requires specific characteristics of the initial precursor, such as hydrophobic and hydrophilic 

part of the molecule typical for amphiphilic peptides. [18] 
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Electrospinning 

Electrospinning method can provide various fibrous structures. The basic principle of the electrospinning 

is attraction of a liquid precursor towards a collector. The liquid precursor is solidified during its way to 

the collector and solid fibres are then collected. The quality of the prepared structures depends on the 

precursor characteristics (electrical conductivity, viscosity etc.), electrospinning process parameters 

(accelerating voltage, collector-emitter distance…) and outer conditions (e.g. air humidity, temperature). 

[16]  Two most usual electrospinning setups (vertical and horizontal) are displayed in Figure 1Error! 

Reference source not found. and b, respectively.   

 

Figure 1 Two basic types of the electrospinning setup: a) horizontal [19], b) vertical [20] 

The electrospinning parameters and setup can determine morphology of the fibres and macroscopic 

structure of the produced fibres. For example, accelerating voltage and rotation speed of the collector 

influence diameter of the fibres and by high rotation speed (103 rpm) and type of the collector can 

produce parallelly aligned fibres.  [16, 21] 

Special modification of the emitter allows preparation of a multiphase fibrous systems such as core-shell 

fibres, biphasic fibres, structures consisting of two (or more) different materials or macroscopically porous 

structures (by incorporation of soluble particles into the structure).  

Sometimes it is beneficious to modify physical and/or chemical characteristics of the fibres. Plasma 

treatment is widely used for fibres surface properties, such as hydrophilicity optimization. The plasma 

treatment does not affect the fibres themselves, but it dissociates molecules adsorbed on the surface of 

the fibres. The formed radicals can react with the material of the fibres and create some functional groups 

(e.g. –COOH, –C=O, -NH2) that increase contact angle of the fibres. [22, 23, 24] Among other ways of 

physical fibres surface treatment belong UV irradiation [25], gamma ray radiation [10]  or laser treatment. 

[26] 

The fibres surface properties can be modified also by application of a coating. Type of the coating is 

determined by future use of the fibres – ceramic coatings (usually based on calcium phosphates) are 

suitable for bone tissue engineering, polymer coatings (e.g. collagen) are typical for skin implants. [27, 28]  

 Bone tissue engineering 
Fibrous structures have already been proven as beneficial for cell adhesion and proliferation and several 

studies have shown their great ability to act as carriers of drugs and other substances supporting wound 

healing. Moreover, polycaprolactone, which is the core material in this thesis, was approved by Food and 

Drug Administration (USA) for medical applications. [29] 
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Bone implants require better mechanical properties (e.g. toughness and stiffness) than the skin scaffolds 

which makes natural polymers unsuitable for this purpose. Therefore, the research is focused minly on 

the artificial polymers. [37] 

PCL has been widely studied as a potential material for the bone scaffolds. It is often combined with other 

polymers and/or ceramic phase to improve its bone scaffold performance. Gelatin is a typical polymer 

material used for PCL bioactivity improvement. Gelatin can be directly mixed with the PCL and both 

materials are then electrospun together [38] which makes preparation of a biphasic structure simple. 

Another suitable polymer is poly (l‐lactide) (PLLA) that can provide a mechanical support to the 

electrospun PCL/PLLA structures. [39] Typical ceramic phases used as PCL matrix filling are β-tricalcium 

phosphate and hydroxyapatite. It can be incorporated into the PCL structure in the form of nanoparticles 

[40, 41] or a coating. [42]  

The bone scaffold performance can be further improved by incorporation of living cells into the scaffold 

structure. Various types of stem cells are investigated but the optimal choice was not found yet – there is 

always a question of the cells sufficient availability, invasiveness of the harvesting procedure or 

autoimmune response. Therefore, there is still much work to be done before the cells seeded scaffolds 

will be commonly used in medicine. [43] 

 In-vitro scaffolds testing 
All the materials intended for further medical use must be carefully tested before they can be transferred 

to the common praxis. The first step are in-vitro tests that are done outside living bodies, for example 

using special solutions or cell cultures. 

Bioactivity of the structures intended for the bone tissue engineering can be evaluated by soaking in 

simulated body fluid (SBF) which mimics chemical composition of the human body. When a bioactive 

material is rinsed into the SBF, calcium phosphate phases precipitate on its surface. [55] Execution of the 

SBF test in beneficious for low demands on laboratory equipment and material and it is usually the very 

first test of bone scaffolds examination. 

The cell culture tests usually follow the SBF assessment. These tests require special laboratory with high 

hygienic standard and trained staff. A proper cell line must be chosen for the test – e.g. osteoblasts for a 

bone scaffold, fibroblast for a skin scaffold. Then the cell culture is seeded on the sample using a precisely 

defined process to obtain reliable test results. Then the cell culture is observed during a desired time 

frame (from three days to several weeks). The test evaluation can be done by assessment of absolute cells 

number (ISO 10993-5 [56]) or the cell number (or activity) is evaluated indirectly through reaction of a 

contrast medium with cells metabolic products (e.g. MTT assay, WST-8 assay [57, 58]). Both types of tests 

has its own benefits. The ISO 10993-5 test allows observation of the cultured cells in real time, but each 

sample requires its own testing station (optical microscope with precise positioning and a camera) and 

therefore possibility of simultaneous multiple sample testing is limited. On the other hand, the indirect 

tests allow large number of samples to be tested at the same time and evaluation of the test is quite fast. 

However, the test of a sample must be finished to evaluate morphology of the cultured cells and the 

sample requires rather long and careful fixation before the cells morphology analysis. 
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3 Aims of the thesis 
The motivation for the presented research is preparation and description of a novel biocompatible and 

bioactive material for bone tissue engineering using electrospinning method. The prepared structure 

should actively support the healing process and support the cells activity on the place of the injury by 

optimized chemical and phase composition and subsequent surface modification of the structure.  

The research was divided into several tasks for successful achievement of the desired structure:  

1) Development of polycaprolactone/hydroxyapatite composite nanofibres 

2) Fibre surface characteristics optimization by plasma treatment 

3) Biocompatibility and bioactivity testing of the prepared structures 

The preparation of the polycaprolactone and the composite nanofibres required optimization of the 

electrospinning precursors, their analysis and optimization of the electrospinning process. The research 

focusing on the fibres preparation also contained experiments aiming to prepare neat ceramic or hollow 

nanofibres that promised interesting biological properties. 

Optimization of the fibres biological properties was done by fibres surface plasma treatment on structures 

that were selected as promising for the future biological test and possible bone engineering utilization.  

The biological tests were divided into two phases of in-vitro tests. The first test examined bioactivity 

through hydroxyapatite formation on the structure surface in the simulated body fluid. In the second 

phase, biocompatibility and bioactivity were tested by living cells cultivation on the structure surface. 

 

4 Experiments and methods 
All the materials used for the experiments are listed in Table 1. 

Table 1 List of chemicals used for the experiments 

Chemical Specification Producer Country of origin 

Acetic acid 98%, p.a. purity Penta Czech Republic 
Chloroform p.a. purity, stabilized 

with amylene 
Lach-ner Czech Republic 

Ethanol 96%, p.a. purity Lach-ner Czech Republic 
Formic acid for synthesis Merck Germany 
Polycaprolactone Mw = 80000 g/mol Sigma Aldrich Germany 
Polyvinyl pyrrolidone K 90 Fluka Germany 
Titanium isopropoxide For synthesis Merck Germany 
Ca(NO3)2 . 6H2O p.a. purity Lach-ner Czech Republic 
NH4OH 25-29%, p.a. Penta Czech Republic 
(NH4)2HPO4 p.a. purity Lach-ner Czech Republic 
Ca(NO3)2 . 4H2O p.a. purity Lach-ner Czech Republic 
(C2H5O)3P 95% Fluka Germany 
NaCl p.a. Lach-ner Czech Republic 
NaHCO3 p.a. Lach-ner Czech Republic 
KCl p.a. Penta Czech Republic 
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K2HPO4·3H2O p.a. Penta Czech Republic 
MgCl2·6H2O p.a. Lach-ner Czech Republic 
HCl 35%, p.a. Penta Czech Republic 
CaCl2 p.a. Lach-ner Czech Republic 
Na2SO4 p.a. Lach-ner Czech Republic 
Tris(hydroxymethyl)-
aminomethane 

Pure Penta Czech Republic 

 

Hydroxyapatite particles used for the preparation of composite polycaprolactone/hydroxyapatite fibres 

were prepared as follows. The nanoparticles were prepared via co-precipitation method followed by 

hydrothermal treatment. The co-precipitation was achieved by mixture of two solutions. The first solution 

was prepared by dissolution of calcium nitrate hexahydrate in distilled water to obtain 14.5 wt.% solution. 

The basicity of the solution was modified by adding ammonium hydroxide to achieve pH = 10. The second 

solution was 6 wt.% solution of diammonium hydrogen phosphate in distilled water. Continuously stirred 

at room temperature, the diammonium hydrogen phosphate solution was drop added into the calcium 

nitrate solution to obtain Ca/P molar ratio precisely equal 1.67. The resulting suspension was then stirred 

for one hour. The suspension was then hydrothermally treated at 200 °C for 5 hours (described in detail 

in [59]). After the treatment, the suspension was washed in distilled water to reach neutral pH and finally 

in isopropyl alcohol. The obtained powder was characterized by X-Ray diffraction analysis (XRD, SmartLab 

3 kW, Rigaku, Japan) and the morphology of the particles was analyzed by scanning electron microscope 

(SEM, Verios, FEI, Czech Republic). 

 Precursors preparation and characterization 

4.1.1 Polycaprolactone and polycaprolactone/hydroxyapatite precursors 
The first step to bioactive nanofibres preparation was optimization of the neet PCL fibres electrospinning 

system – optimization of the precursor composition and electrospinning paramteres. Systems based on 

acetic acid, formic acid, their mixture and chloroform were examined, see Table 2. The system was chosen 

according to resulting fibres morphology (homogeneity of the structure) and also non-toxicity of the used 

chemicals. 

Table 2 Examined basic precursor systems for electrospinning 

Solution name 
PCL concentration 

[wt.%] 
Dissolution agent 

Dissolution agent 
ratio 

10Cl 10 CHCl3 - 

13AAFA 13 
Acetic acid 1 
Formic acid 1 

10AA 10 Acetic acid - 

10FA 10 Formic acid - 

10AAFA 10 
Acetic acid 1 
Formic acid 1 

10AAFA2 10 
Acetic acid 1 
Formic acid 3 

10AAFA3 10 
Acetic acid 3 
Formic acid 1 
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The composite precursor contained hydroxyapatite nanoparticles that were intended to improve the 

biocompatibility and bioactivity of the electrospun structure. The precursor for the composite nanofibres 

contained 6 wt.% of polycaprolactone and 5 wt.% of hydroxyapatite nanoparticles in acetic and formic 

acid in weight ratio 3:1 (the solvent system was based on the precursor system for the neat 

polycaprolactone fibres that was evaluated as the best considering morphology of the prepared 

nanofibers and minimum amount of defects present at the electrospun structure). At first, the acetic and 

formic acid were mixed, then the hydroxyapatite particles were added, and the solution was dispersed by 

ultrasound probe Sonopuls 2450 (Bandelin, Germany) for 3 minutes. Finally, the polycaprolactone was 

added to the dispersion, and the solution was mixed for 5 hours. 

 Fibres electrospinning and analysis 
The precursors listed in Table 2 were electrospun on 4SPIN (Contipro, Czech Republic) equipment. The 

rotating cylinder was chosen as the collector, and single syringe with an inner diameter of 0.686 mm 

(19 gauge in hypodermic needles sizing) was used as the emitter. The electrospinning parameters differed 

according to the precursor system. The voltage varied from 15 to 25 kV and the feeding rate was adjusted 

to obtain visually stable electrospinning process.  

The precursor systems based on acetic acid and formic acid mixture were electrospun at following 

conditions: 20 kV accelerating voltage, 28 µm/min feeding rate, 100 mm emitter-collector distance, 35 °C 

temperature and 25 l/min heated air flow. Rotation speed of the collector was 100 rpm for random fibres 

and 2000 rpm for parallelly aligned fibres. The same parameters were used also for PCL/hydroxyapatite 

composite nanofibres. 

The fibres were collected for 30 minutes on aluminum foil for further analysis or a non-woven textile for 

further plasma treatment. If the samples were intended for biological testing according to ISO 10993-5 

standard, the fibres were collected for 1 minute on thin glass plates with a diameter of 12 mm that were 

placed on the collector using duct tape. Such short electrospinning time ensured transparent samples 

suitable for the further in-vitro biological test. 

The electrospun fibres were analyzed using SEM (Verios, FEI, Czech Republic). Several photos of each 

sample were taken for fibres diameter measurement. At least 100 values of the fibre diameters were 

measured from the photos for each sample. Then values of average diameter and standard deviation were 

calculated. Types of the prepared sample structures are listed in Table 3Error! Reference source not 

found.. The marking of the samples is then used for all the tests and analysis done on the structures. 

Table 3 Marking of the samples used for subsequent analysis and testing 

Marking Material Structure Plasma surface 
treatment 

PCL-1 Polycaprolactone Continuous layer No 

PCL-2 Polycaprolactone Random fibres No 

PCL-3 Polycaprolactone Random fibres Yes 

PCL-4 Polycaprolactone Parallel fibres Yes 

PCL/HA-1 Polycaprolactone 
+ hydroxyapatite particles 

Continuous layer No 
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PCL/HA-2 Polycaprolactone 
+ hydroxyapatite particles 

Random fibres No 

PCL/HA-3 Polycaprolactone 
+ hydroxyapatite particles 

Parallel fibres No 

PCL/HA-4 Polycaprolactone 
+ hydroxyapatite particles 

Random fibres Yes 

PCL/HA-5 Polycaprolactone 
+ hydroxyapatite particles 

Parallel fibres Yes 

 

 Mechanical testing 
The mechanical testing was done at the Friedrich-Alexander University of Erlangen-Nuremberg. The as-

spun neat polycaprolactone and composite structures were examined by uniaxial tensile strength test 

using a universal testing machine (K. Frank GmbH, Germany). Samples PCL-2, PCL-3, PCL/HA-2 and 

PCL/HA-3 were mechanically tested (the parallel aligned fibres were tested along the fibres' longitudinal 

direction). The tested area of the samples was a rectangle 5 mm wide and 20 mm long. To ensure correct 

placement of the sample in the testing machine’s jaws and avoid any pre-stress, the tested material was 

cut into 5 x 40 mm rectangle and placed into a paper frame (see Figure 2). The sample in the paper frame 

was placed to the testing equipment, the paper was cut, and the measurement was provided.  

 

Figure 2 Scheme of a paper frame for mechanical testing 

Always at least 10 pieces of each sample were tested to obtain enough values for estimation of Young 

modulus, tensile strength and relative elongation. The highest and the lowest values were always 

removed from the assessment of the mean values to avoid some statistical errors. 

 Surface treatment 
The surface treatment process was designed in respect to the thermal sensibility of polycaprolactone (the 

meting point of polycaprolactone is 60 °C). Therefore, argon plasma generated by diffuse coplanar surface 

barrier discharge was chosen as a suitable treatment. The process was held in flowing argon (3 sccm) at 

the pressure of one atmosphere. Both polycaprolactone and composite random fibres were plasma-

treated. The plasma treatment equipment is schematically shown in Figure 3. Upon energizing by 15 kHz 

sinusoidal high voltage at an input power of 90 W, a thin 0.3 mm layer of argon plasma was generated 

over the Al2O3 dielectric plate, covering an area of 8 × 20 cm2. The treated samples were fixed at a height 

of approx. 0.1 mm above the discharge electrode. All the samples were treated for 30 s.  
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Both microscopical and macroscopical effect of the plasma treatment was evaluated. The microscopical 

effect was analyzed by X-ray photoelectron spectroscopy (XPS) by AXIS SupraTM (Kratos Analytical, United 

Kingdom). The analysis was done on the samples (hydroxyapatite particles, polycaprolactone and 

composite fibres) before and after the plasma treatment. The macroscopical influence of the plasma 

treatment was evaluated by contact angle measurement by the sessile drop method.  

 

 Biological testing 
Three types of biological tests were done on the electrospun structures. At first, the bioactivity of the 

structures was examined by immersion in simulated body fluid. To accelerate the bioactivity test, 1.5 

multiple SBF was used. The SBF was mixed according to the Kokubo protocol [55] including careful 

temperature and pH control, the amount of deionized water was only reduced from 1000 ml to 666 ml to 

achieve the desired SBF concentration. 

To provide the SBF test correctly, unique polyurethane filament holders were 3D printed (see Figure 4 

Sample holder for the SBF test, a) empty holder; b) holder with a sample). 15 mm x 15 mm pieces were 

cut from the fibrous samples (PCL-2, PCL/HA-2 and PCL/HA-4), detached from the substrate (aluminum 

foil or non-woven fabric) and placed onto the holders. The samples were then immersed into 15.6 ml of 

the 1.5 SBF. 4 samples of each structure were tested for mapping gradual hydroxyapatite formation on 

the surface of the fibres after 1, 3 and 7 days of the immersion. 

 

Figure 4 Sample holder for the SBF test, a) empty holder; b) holder with a sample 

Figure 3 Scheme of plasma treatment set-up: (1) PP textile substrate; (2) treated PCL sample; (3) Ar 
discharge plasma; (4) spacer from PET mesh; (5) Al2O3 electrode; (6) cooling medium. 
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The second biological test was provided according to ISO 10993-5 standard in a certified laboratory at the 

University of South Bohemia, Faculty of Fisheries and Protection of Waters, Department of Complex 

systems. The test principle lays in cell cultivation on the examined material and establishing the specific 

growth rate (a relative increase of the cell number in time) during 3 days of the test. Samples PCL-1, PCL-

2, PCL/HA-1, PCL/HA-2, PCK/HA-4 and PCL/HA-5 were tested. Mouse fibroblasts of L9292 cell line were 

utilized for the test. Samples consisting of a thin material layer on the glass plate were where the cell 

culture was seeded. Then the sample was placed under a confocal microscope (Zeiss, Germany) for three 

days. An image from five fields of view was taken every two minutes. Specific growth rate (SGR, growth 

of the cell number during a time interval) was then estimated from the received results and then the SGR 

was compared with the SGR of the baseline sample (empty glass).   

WST-8 assay (PromoCell, Germany) was done at Friedrich-Alexander University of Erlangen-Nuremberg, 

Faculty of Engineering, Institute of Biomaterials. The WST-8 test allows simultaneous examination of many 

samples – the number of tested samples is limited only by number of wells in the testing plate, usually 96-

well plate is used. Therefore, all the samples listed in Table 3 could be tested at the same time, including 

negative control (the contrast medium without any cell culture in the dish). Always three pieces of each 

sample were cultured. MG 63 cells, human osteoblast-like cells, European Collection of Authenticated Cell 

Cultures (Sigma Aldrich, Germany), were used for the test.  

The WST-8 test was done on the samples after 1, 3 and 7 days of the test. Always three samples of the 

contrast medium were taken from each sample and therefore nine values of the absorbance were 

obtained for each type of tested structure. The highest and the lowest absorbance value was deleted from 

the evaluation and the average value with standard deviation was stated from the data. The cell culture 

was also analyzed qualitatively after the cultivation test using SEM (Verios, FEI, Czech Republic).  

 

5 Results and discussion 

 Fibres preparation and characterization 
At first, the best electrospinning precursor system was chosen by visual analysis of the SEM images of the 

electrospun structures listed in Table 2. The most important criteria were uniformity of the fibres 

morphology and minimum amount of the defects (drops of unspun precursor, beads etc.). The precursor 

10AAFA3 (10 wt.% solution of PCL in acetic and formic acid in ratio 3:1) was chosen as the best candidate 

and uniformity of the obtained structure was supported by heated air blowing during the electrospinning 

(resulting structures are in Figure 5a and b, respectively). The heated air helped solvent evaporation from 

the arising fibres and hence prevented the bead formation. 
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Figure 5 Nanofibres obtained by electrospinning of 10AAFA3 precursor that were electrospun a) without 
heated air, b) with heated air blowing during the electrospinning process 

In Figure 6 there are the synthetized hydroxyapatite particles after the hydrothermal treatment. The 

particles had needle-like shape and they were approximately 500 nm long and 30 nm thick. Such 

morphology was promising for further incorporation into the PCL nanofibres. The XRD analysis then 

confirmed hydroxyapatite phase composition, see Figure 7. 

 

 

Figure 6 Hydroxyapatite particles after the hydrothermal treatment, a) overview, b) detail image 

 

 

a) b) 

a) b) 
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The structures of as-spun neat polycaprolactone and composite nanofibres are shown in Figure 8 where 

the measured diameters' histograms are also displayed. The random PCL nanofibres (PCL-2, Figure 8a) has 

the same diameter but the standard deviation of the composite fibres is approximately twice larger (172 

± 60 nm and 171 ± 107 nm, respectively). It is caused by hydroxyapatite particles agglomerates making 

inhomogeneities in the structure. However, even the composite random structure did not contain any 

beads or drops of the precursor, suggesting instability of the process.   

The higher rotation rate of the collector caused thinning of both polycaprolactone and composite fibres, 

see Figure 8b for parallel PCL fibres and Figure 8d for parallel composite fibres. . The fibres' thinning was 

more distinct by the polycaprolactone fibres – the diameter fell from 172 ± 60 nm (random fibres) to 124 

± 66 nm (parallel fibres).  The decrease of the fibres thickness was not so distinct in the case of the 

composite fibres (from 171 ± 107 nm to 151 ± 75 nm). It was probably caused by the presence of the 

ceramic particles and their agglomerates which were not influenced by higher rotation speed of the 

collector. Therefore, the composite fibres are forced to have larger diameter to be able to carry the 

ceramic particles towards the collector. In other words, the thinner fibres cannot be formed which is 

visible in Figure 8d – the thinnest fibres do not contain the ceramic particles. 

The plasma-treated samples did not show any structural changes compared to the untreated samples, 

see Figure 9. The only difference in the fibres morphology is wavy shape of the parallel PCL fibres (Figure 

9b). The explanation of this phenomena lays in the substrate under the fibres – the non-woven textile 

used as the substrate for the plasma-treated fibres is not adhesive enough for the fibres. Therefore, the 

fibres can slide a little bit on the textile's surface and loose its straight direction (and hence loose the inner 

stress of the parallel fibres). This phenomenon is not observed at the parallel composite nanofibres 

(sample PCL/HA-5, Figure 9d) – the higher surface roughness of the composite fibres probably prevented 

the fibres from sliding on the substrate. 

* * 

* 

* 
* 

* * 

* 

* 

* * 

* 

* 

* 

* 
* * 

* 

* 

* 

* 
* * 

* Hydroxyapatite 

Figure 7 XRD analysis of the hytrothermally treated hydroxyapatite powder 
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Figure 8 As-spun nanostructures, a) PCL random fibres (PCL-2), b) PCL parallel fibres (PCL-3), c) composite 
random fibres (PCL/HA-2), d) composite parallel firers (PCL/HA-3) 
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Figure 9 Plasma treated fibres, a) PCL-4 (random plasma treated PCL fibres), b) PCL-5 (parallel plasma 
treated PCL fibres), c) PCL/HA-4 (random plasma treated composite fibres), d) PCL/HA-5 (parallel plasma 
treated PCL/HA fibres) 
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5.1.1 Mechanical tests 
Results of the mechanical tests provided for this thesis are in Table 4. The fibres parallel alignment (for 

both neat polycaprolactone and composite fibres) increased the elastic modulus and failure strain, but it 

considerably decreased the failure strain. The failure strain's difference can be explained by gradual 

alignment of the random fibres along the direction of the mechanical load, whereas the parallelly aligned 

fibres do not have any possibility to react to the applied load. 

Elastic modulus was significantly higher by the parallelly aligned fibres. The reason for this phenomenon 

is the same as for the elongation difference – since the parallel fibres are already aligned along the 

direction of the mechanical load; it is the material itself that is stretched. The failure stress also increased 

with the alignment of the fibres. 

Table 4 Mechanical tests results of the selected samples 

Sample Elastic modulus 
[MPa] 

Failure strain  
[%] 

Failure stress 
[MPa] 

PCL-2 20 ± 9 130 ± 19 19 ± 6 
PCL-3 354 ± 47 32 ± 3 67 ± 9 
PCL/HA-2 24 ± 5 81 ± 10 8 ± 1 
PCL/HA-3 307 ± 13 33 ± 5 42 ± 8 

 

The ceramic particles incorporated into the polymer matrix influenced the mechanical properties of the 

tested structures. The most significant difference was observed by the tensile stress – the ceramic 

particles behaved as stress concentrators and weakened the fibrous structure, and hence lower stress 

was needed for the sample collapse. The influence of the ceramic particles was more distinct for the 

random fibres (samples PCL-2 and PCL/HA-2), when the failure stress of the sample PCL/HA-2 was 

approximately 2.4x lower than failure stress of the sample PCL-2. The sample PCL-3 (parallel 

polycaprolactone fibres) failure stress was approximately 1.6x higher than failure stress of the sample 

PCL/HA-3 (parallel composite fibres).  Two phenomena can explain the difference. First, the fibres and the 

ceramic particles are aligned during collecting of the parallel fibres and hence the ceramic particles are 

placed mostly inside the fibres. This arrangement is more effective for the mechanical loading because 

the fibre walls are not damaged by the particles randomly sticking out from the fibres. However, this 

theory was not confirmed by the SEM and EDX analysis (the analysis was not sensitive enough to 

distinguish the precise particles' positions in the thin fibres). 

Second explanation relates to the collapse of the mechanically stressed fibres – when a composite fibre 

is torn, the damage is most probably near a ceramic particle. When the fibre collapses, the ceramic particle 

is exposed. It can damage the surrounding fibres, mostly in the direction of the mechanical load, meaning 

that in the random structure, there is a higher probability of damaging other fibres than in the parallelly 

aligned structure. This process would explain the stronger effect of the ceramic particles on the failure 

stress as well. For a better image of the described situation, see Figure 10. In Figure 10a and b there is a 

random composite structure during a tensile stress – the structure can react to the applied mechanical 

load, but when some fibres collapse, the ceramic particles are partly freed. The green lines suggest a 

further trajectory of the loose ends of the ceramic particles, disrupting other fibres and accelerating the 

whole structure's damage. In Figure 10c and d there is a parallel fibrous structure before and during the 



19 
 

tensile stress, respectively. When a fibre is damaged in the parallel structure, disrupting neighboring fibres 

is smaller thanks to the direction alignment.  

The already mentioned principles can also explain the influence of the ceramic particles on the failure 

strain when the parallel fibres are not affected by the presence of the particles, but there is a considerable 

decrease of the failure strain by the random fibres (the sample PCL-2 has 1.6x higher failure strain than 

the sample PCL/HA-2).  

However, the situation is different by the elastic modulus, which is (also considering the deviations) 

independent from the presence of the ceramic particles. Apparently, the mechanical properties depend 

on the matrix material at the first phase of the tensile test and are not affected by any filling of the fibres. 

This information confirms the theory mentioned above that the already broken fibres (specifically the 

loose ends of the ceramic particles) influence the surrounding fibres' behaviour. 

 

Figure 10 Influence of ceramic particles during the fibres collapse on the surrounding structure, a) 
random composite fibres before test, b) random composite fibres after a fibre collapse, c) parallel 
composite fibres before test, d) parallel composite fibres after a fibre collapse; green lines suggest 
further area to be influenced by a freed ceramic particle   

 

5.1.2 Surface properties 
The samples' contact angle values (before and after the plasma treatment) are listed in Table 5. Three 

factors are influencing the contact angle of the samples – sample morphology (layer/fibres), presence of 

the hydroxyapatite and the surface treatment. The fibrous structures have considerably higher contact 

angle – see for example 75.5° ± 3.5° of PCL continuous layer (sample PCL-1) and 127.2° ± 4.1° of PCL 

random fibres (sample PCL-2). A similar situation happens also by the composite samples PCL/HA-1 and 

PCL/HA-2. The increase of the fibrous samples' contact angle is caused by so called lotus effect when the 

fine surface topography lowers the wettability even by hydrophilic materials. [60] 
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The hydroxyapatite has considerably lower contact angle than the polycaprolactone (approximately 10° 

and 86°, respectively) [61, 62] therefore there is a rather large difference on the contact angle between 

samples PCL-1 and PCL/HA-1 (continuous layers) – from 75.5° ± 3.5° of PCL layer to 44.9° ± 1.7° of PCL/HA 

layer. Interestingly, the material influence disappears by the fibrous samples (PCL-2, PCL-3, PCL/HA-2, 

PCL/HA-3) when the topography effect overcomes the samples' surface chemistry. The fibres alignment 

did not affect the surface properties at all (sample PCL/HA-2 had contact angle 128.3 ± 3.6). The largest 

influence on the wettability had the plasma treatment. The contact angle of the plasma-treated samples 

was unmeasurable. 

Table 5 Values of measured contact angle on the prepared samples 

Sample Contact angle [°] 

PCL-1 75.5 ± 3.5 

PCL-2 127.2 ± 4.1 

PCL/HA-1 44.9 ± 1.7 

PCL/HA-2 128.3 ± 3.6 

PCL/HA-3 125.3 ± 5.1 

PCL/HA-4 complete wetting 

PCL/HA-5 complete wetting 

 

The XPS analysis of the neat polycaprolactone fibres before the plasma treatment is displayed in Figure 

11a, the results of the XPS analysis of the plasma-treated polycaprolactone fibers is in Figure 11b. The 

overall content of oxygen atoms increased by approximately 2 percentage points after the plasma 

treatment. From the deconvoluted O1s XPS spectra, it is evident that plasma broke C=O bonds by the 

simultaneous formation of new C-O and H-O-C bonds.  

The XPS analysis of the composite fibres before and after the plasma treatment was done, but very low 

relative atomic content of Ca an P atoms prevented the analysis from any valid evidence. Therefore, the 

results of the XPS analysis of the ceramic particles alone were evaluated. As can be seen in Figure 12, 

there was no detected change of the XPS spectra of the ceramic particles constituents. There is two 

information emerging from this result – the low-temperature argon plasma energy is too low to anyhow 

affect the bonding in the ceramics, and the macroscopic change of the wettability is related to the changes 

on the polycaprolactone surface.  
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Figure 11 XPS analysis of the polycaprolactone fibres a) before, b) after the plasma treatment 

 

 

Figure 12 XPS analysis of the hydroxyapatite particles a) before, b) after the plasma treatment 

 

 Biological tests 

5.2.1 SBF test 
The SBF test proved bioactivity of the composite nanofibres (both as-spun and plasma treated) – a calcium 

phosphate phase precipitated preferably on the places rich on the hydroxyapatite particles already on the 

first day of the test and after seven days of the test, the precipitated calcium phosphates covered the 

whole surface of the sample. The chemical composition of the precipitates showed Ca/P ratio 1.4 that is 
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lower than typical hzdroxyapatite composition (1.67). It suggests that the calcium is probably substituted 

by other elemets present in the SBF solution (e.g. Na, Mg, Si). However, the neat PCL fibres remained 

completely untouched by the SBF solution. 

5.2.2 In-vitro cell culture tests 
The test according to ISO 10993-5 standard was provided. The test showed zero cytotoxicity of the tested 

materials – no cells mortality was observed. The diagraph in Figure 13 compares the tested structures to 

the baseline sample (marked as 0 in the diagraph) considered a waterline for the results – the curves 

above the baseline are supposed to be positive ones.  

There are several phenomena visible from the Figure 13. The hydroxyapatite particles increase bioactivity 

of the tested structure – the most significant contribution to the bioactivity can be seen by the sample 

PCL/HA-1. The measured bioactivity was the highest after 24 hours, when cells proliferated preferably at 

places rich n hydroxyapatite, and then it decreased rapidly (all the preferred places were already 

occupied). The specific growth rate of the continuous polycaprolactone layer (the sample PCL-1) was 

comparable to the other samples after 24 hours of the test, but then it slowed down continuously, 

suggesting that bulk polycaprolactone is biocompatible but not considerably bioactive. 

The effect of the fibrous morphology was the same for both neat and composite structures – all fibrous 

samples showed increasing bioactivity during first 48 hours of the test and all the samples exceeded the 

baseline. Then the proliferation rate slowed down that was probably caused by occupation of all the 

preferred places. The highest bioactivity can be seen by both plasma treated composite samples (PCL/HA-

4 and PCL/HA-5) that remained above the baseline. The decrease of the proliferation rate can be explained 

by covering the whole sample surface by the cells and hence there was no more space for further 

proliferation, see Figure 14. 

 

Figure 13 Diagraph comparing the specific growth rate of the samples tested according to ISO 10993-5 
standard 
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The quantified results of the absorbance test during the WST-8 test are in Figure 15. The test results' 

overall trend is similar to the ISO 10993-5 test – the neat polycaprolactone samples showed the lowest 

bioactivity at the end of the test, but their biocompatibility was proven. The hydroxyapatite's presence 

improved the biocompatibility considerably significantly in the second half of the test, which confirms 

conclusions from the ISO 10993-5 test. The cells proliferation slows down rapidly when all the favorite 

places are occupied on the neat polycaprolactone samples while the composite fibres offer more places 

suitable for cells to proliferate as can be seen from the comparison of the samples PCL-2 and PCL/HA-2 in 

the diagram. In agreement with the ISO 10993-5 test, the plasma treated samples showed increased 

bioactivity especially in the second half of the test when they overcome the polycaprolactone as-spun 

fibres approximately twice and the composite as-spun fibres approximately 1.5 times which is even more 

significant result than the ISO 10993-5 test showed. The morphology of the cells cultured on the sample 

PCL/HA-4 during the WST-8 test is displayed in Figure 16. 

 

Figure 15 Quantific results of the WST-8 test 

 

Figure 14 Samples after ISO 10993-5 test a) PCL/HA-4 after 72 hours of the test, b) PCL/HA-5 after 72 

hours of the test 

a) b) 
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All the biological tests showed corresponding results suggesting the robustness of the testing workflow. 

The presence of the hydroxyapatite showed two different contributions to the bioactivity of the 

(composite) structures intended for bone tissue engineering. It induces calcium phosphate (substituted 

hydroxyapatite) precipitation in the human blood plasma environment and, thanks to its hydrophilicity, 

also supports cells adhesion to the structure. The plasma treatment further increases the bioactivity of 

the structures thanks to increased hydrophilicity of the fibrous meshes.  

 

6 Conclusions 
Polycaprolactone fibres and fibrous structures combining polycaprolactone matrix with hydroxyapatite 

nanoparticles intended for bone tissue engineering were prepared via electrospinning method. Process 

obstacles during the electrospinning (needle clogging, hydroxyapatite conglomerates etc.) were 

overcome, and the optimization led to reliable and repeatable production of the fibrous structures. 

Random and parallelly aligned nanofibers (both neat polycaprolactone and composite 

polycaprolactone/hydroxyapatite) were prepared from polycaprolactone solution based precursor by 

controlling the collector rotation speed. The rotation speed did not influence only direction alignment of 

the fibres but it also reduced thickness of the electrospun fibres – the diameter of the neat PCL fibres 

decreased from 172 ± 60 nm at 100 rpm to 124 ± 66 at 2000 rpm. The composite PCL/HA fibres were 

influenced less by the collector rotation speed – the fibres diameter decreased form 171 ± 107 nm at 100 

rpm to 151 ± 75 nm at 2000 rpm. 

The as-spun neat polycaprolactone and composite (polycaprolactone/hydroxyapatite) nanofibers were 

mechanically tested. Both fibres direction alignment and phase composition influenced the nanofibers 

mechanical properties. The ceramic particles had a large impact on the random nanofibers when the 

ceramic particles considerably worsened failure stress (from 19 ± 6 MPa to 8 ± 1 MPa for random fibres 

and from 67 ± 9 to 42 ± 8 for parallel fibres). However, the presence of the ceramic nanoparticles 

worsened the failure strain only by the random fibres (decrease from 130 ± 19 % to 81 ± 10 %). The elastic 

modulus was dependent rather on the fibres orientation than on the phase composition – the elastic 

modulus changed from 20 ± 9 MPa for random neat PCL fibres to 354 ± 47 MPa for parallel PCL fibres. The 

a) b) 

Figure 16 Morphology of the cells cultivated during the WST-8 test on the PCL/HA-4 sample; a) an 
overview, b) detail of the cell-fiber interface 
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elastic modulus change was similar for the composite fibres – from 24 ± 5 MPa for random fibres to 307 

± 13 MPa for parallel fibres. 

The surface treatment of the electrospun fibres was optimized – a low temperature argon plasma was 

used to increase the structures' wettability (and hence bioactivity). The structures transformed from 

highly hydrophobic to rather hydrophilic (the contact angle was unmeasurable after the plasma 

treatment), and simultaneously the treatment turned to be gentle enough to preserve the sensitive 

polymer-based structure.  

Biological properties of the neat polycaprolactone and composite fibres were analyzed by three different 

tests: test in simulated body fluid evaluates structures ability to support precipitation of calcium 

phosphates  in environment similar to the human body. Two following in-vitro cell culture tests (ISO 

standard 10993-5 and WST-8 test) examined living cells response to the tested structures. The SBF test 

proved bioactivity of the composite structures thanks to the hydroxyapatite nanoparticles incorporated 

in the structures. Both in-vitro tests showed a positive synergic effect of the hydroxyapatite nanoparticles 

in the polymer matrix, fibrous morphology of the tested structures and surface plasma treatment. The 

WST-8 test showed 1.5 times higher bioactivity of the plasma-treated composite structures than the neat 

polycaprolactone fibres, which suggests a promising approach to the structures designed for materials 

engineering. 
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