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Nomenclature
60Co  - 60 isotope of cobalt 

 - Mark Houwink constant I 
A [MPa] - material constant related to the mechanical properties 

dependent on the bulk material 
A1 [w%] - initial salt content 
A2 [%] - porosity at infinite time 
B  - material constant related to the mechanical properties 

dependent on the pore-geometry 

c [%] - degree of crystallinity 
c [g/dl] - polymer concentration of the solution 
c0 [-][%] - initial concentration 
ct [-][%] - concentration at t moment 
C  - carbon 
C1  - constant including all of the geometric constants proportionality
Ca  - calcium 
CaCO3  - calcium carbonate (both aragonite and calcite) 
CAp  - carbonate containing apatite, carbonated apatite 
-CH2-  - ethylene group 
-COO--  - ester group 
d0.5 [ m]  mass median diameter 
D  - constants related to the salt leaching process dependent on the 

pore-geometry 
DMA  - dynamic mechanical analysis 
DMAc  - N,N-dimethylacetamide 
DMF  - N,N-dimethylformamide 
DSC  - differential scanning calorimetry 

[-][%] - elongation, strain, deformation 
[-][%] - maximum normal strain 
[-][%] - minimum normal strain 

d [-][%] - strain of densification 

el [-][%] - strain of elasticity 
E  - constants related to the salt leaching process dependent on the 

porosity and pore-interconnectivity 
E' [MPa] - dynamic modulus 
Ec [MPa] - compressive Young’s modulus of the bulk material 
Eel [MPa] - compressive Young’s modulus of the cellular solid 
Eplateau [MPa] - compressive modulus of plateau 
Et [MPa] - tensile Young’s modulus 
EDS  - energy dispersive spectrometry 

[ m] - grain size 
Fh [N] - higher force  
Fl [N] - lower force 
FDA  - US Food and Drug Administration 
FDM  - fused deposition modeling 
h [mm] - initial height 
Hc [J/g] - heat of crystallization 
Hf [J/g] - heat of fusion 



IV

Hf
0 [J/g] - enthalpy of fusion of 100% crystalline sample 

HA  - hydroxyapatite 
HDPE  - high density polyethylene 
k  - reaction speed constant 
K  - potassium 
K  - Mark Houwink constant II 
L0 [mm] - initial length 
Lh [mm] - higher strain 
Ll [mm] - lower strain 
LSI  - static laser light scattering 
M [Da] - viscosity average molecular weight 
Mn [Da] - number average molecular weight 
Mw [Da] - weight average molecular weight 
N2  - nitrogen 
Na  - sodium 
NaCl  - sodium chloride 
NaOH  - sodium hydroxide 
NMR  - nuclear magnetic resonance  
p [-][%] - actual porosity 
p0 [-][%] - porosity 
PO4

3-  - phosphate 
PCL  - poly( -caprolactone) 
PDLA  - poly(D-lactide) 
PDLLA  - poly(D,L-lactide) 
PGA  - poly(glycolic acid) 
PLA  - poly(lactic acid) 
PLGA  - poly(lactide-co-glycolide) 
PLLA  - poly(L-lactide) 
PMMA  - poly(methyl methacrylate) 
PPF  - poly(propylene fumarate) 

[g/cm3] - density 
[g/cm3] - density of the cellular solid 

s [-] - relative density 

s [g/cm3] - density of the bulk material 
Rg [nm] - radius of gyration 

[MPa] - stress, strength 

1 [MPa] - maximum normal stress 

2 [MPa] - minimum normal stress 

c [MPa] - compressive yield strength of the bulk material 

d [MPa] - densification strength 

el [MPa] - compressive yield strength of cellular solids 

t [MPa] - tensile yield strength 
SBF  - simulated body fluid 
SCA  - starch cellulose acetate 
SEM  - scanning electron microscopy 
SEVA  - starch-ethylene vinyl alcohol blends 
SFF  - solid freeform fabrication 
SR  - self-reinforced 
t [s] - flow time of the solution 



V

t1  - speed constant of the salt leaching 
t2  - speed constant of the pore-creation 
T [K] - temperature 
Tc [K] - crystallization temperature 
Tg [K] - glass-transition temperature   
Tm [K] - melting temperature 
TCPS  - tissue culture polystyrene 
THF  - tetrahydrofurane 
v/v [-] - volume ratio 
w/w [-] - weight ratio 
w% [%] - percent by weight 
x [-][%] - amount of the product 
y [-][%] - salt content at t moment 
y0 [-][%] - residual salt content 
Z0 [mm2] - cross-sectional area 
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1. Introduction 

Biodegradable polymers have been widely investigated in the last few decades. 

Although Carothers et al. in 1932 reported on the ring-opening synthesis of poly(lactic acid) 

(PLA) [1], the instability of these polymers at humid conditions made them irrelevant for any 

application before the late sixties, when they started to be utilized in biomedical applications. 

Bone grafting in skeletal reconstruction has become a common task of orthopedic 

surgeons. With over 800.000 grafting procedures performed each year in US alone, the need 

for surgical reconstruction or replacement is often the result of trauma, pathological 

degeneration, or congenital deformity of the tissue [2]. Current treatments, although fairly 

successful, do not provide the optimum therapy. These treatments typically rely on donor 

tissues obtained either from the patient or from another source. The former raises the issue of 

supply, whereas the latter poses the risk of rejection and disease transfer. This has prompted 

orthopedic surgeons and scientists to look for viable alternatives [3]. 

One approach is to use three-dimensional, porous, degradable scaffolds, which provide 

support while allowing the ingrowth of new bony tissue as the scaffold degrades. It is one of 

the most frequently studied areas of a newly emerging field of biomaterials called ‘tissue 

engineering’. Tissue engineering can be defined as an inter- and multidisciplinary field that 

applies the principles of engineering and life sciences to the development of biological 

substitutes that restore, maintain or improve tissue function [4].

Porous scaffolds can be manufactured from different materials such as metals, 

ceramics or polymers. Both ceramic and metal scaffolds have difficulties in use. They are 

rigid and brittle, making implantation difficult. They are difficult to manufacture; and most of 

them are not degradable. One of the patented ceramic bone grafts is made of coral which has 

many benefits, e.g. similar chemical and surface structure to the cancellous bone, has 

extremely good biocompatibility, and optimal pore-size. The drawback which is difficult to 

overcome is manufacturing to the desired shape. 

Polymer matrices and their composites with ceramics are becoming more attractive for 

this purpose. Polymers such as poly( -hydroxy acids) are being examined, and are being 

enhanced by ceramics e.g. calcium phosphates, hydroxyapatite, calcium carbonates. There are 

several methods which can be utilized to obtain porous scaffolds, and one of the most 

frequently used is the family of particulate leaching techniques.
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The main target of this study is to provide novel polymer and polymer-ceramic 

substrates for guided bone tissue regeneration with adequate mechanical, biodegradation, and 

biocompatibility characteristics.  
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2. Literature overview 

This chapter describes the background, purpose and objectives of the present study. I 

will briefly introduce the requirements of biomedical implants, and the mechanical and 

biological characteristics of the bone and scaffolds. In addition, the effect of ionizing radiation 

on saturated aliphatic polyesters, on poly(lactic acid) (PLA) and poly( -caprolactone) (PCL), 

is also reviewed. Given the broad literature of the medical and material sciences, milestone 

studies were chosen to aid the literature overview. The detailed target of the present PhD 

work was summarized in the last subsection of this chapter.  

Biomaterial can be defined many different ways. One of the earliest definitions [5] 

was “synthetic, natural or modified natural material which will be in contact or interact with 

the biological system”. This definition ignores any implant-effect on the living tissue. An 

often-used definition is “any substance (other than drugs) or combination of substances 

synthetic or natural in origin, which can be used for any period of time, as a whole or as a part 

of a system which treats, augments, or replaces any tissue, organ or function of the body” [5]. 

Table 17 presents the major groups of biomaterials with some important representatives.  

Table 17. Biomaterials for use in body [6] 

The biomaterial spectrum includes metals [7], polymers [8, 9], ceramics [10] and their 

composites [11], natural materials and their synthetic analogues. Each has its own benefits 

and drawbacks. The task of the scientist is to find the optimum for all requirements of a 

certain medical application [2, 3].  

The success story of metal and ceramic based implants in medical attendance began 

during the Second World War. In many applications they were found as ideal candidates, due 



Literature overview 

4

to their high strength, modulus, and bioinertness, certainly there are numerous disadvantages 

as well (Table 18). 

Table 18. Comparison of various bone implants; ‘-‘ and ‘–‘ reflects that the material is bad or 
very bad in the category while ratings of ‘+’, ‘++’, and ‘+++’ denote increasingly more 

suitable material [11] 

steel titanium alloys bioceramics biocomposites

ultimate strength ++ + ++ ++

yield strength + +++ +

stiffness ++ + +++ +

hardness ++ + +++ +

ductility + ++ +

wear resistance + +++ +

corrosion resistance + ++ +++ ++

cost ++ +

Comparison of various materials for bone implants

Among the bone grafts there are several options on the market, for example auto-, 

allo- and synthetic grafts (titanium, calcium phosphate or polymer based implants). Among 

the synthetic bone substituents, the ceramic bone grafts has been found the most bioactive, 

due to their similar chemical composition to the human bone, which contains about 35w% 

organic, collagenic material and c.a. 65w% hidroxyapatite nanocrystals.

However, since the beginning many drawbacks of these implants have been found 

which leads researchers to work to develop more suitable implants. In case of human 

trabecular bones, the associated problems of metals and ceramics are the difficulties in 

shaping; the high modulus which results in stress-shielding during fracture fixation, and the 

need to remove the temporary implant after use [10, 12, 13]. 

Due to the interaction with tissues and organs, biocompatibility is the prime concern 

postulate over all the material branches. The properties of polymeric biomaterials are similar 

to other biomaterials, i.e. sterilizability, adequate mechanical and physical properties, and 

manufacturability. It is noteworthy that body fluids might solve the entrapped impurities in a 

polymer matrix. Furthermore residual compounds (e.g. monomers, initiators) resulting from 

polymerization or processing could modify some characteristics, such as crystallinity or 

porosity, or cause toxicity, etc. [14, 15].
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Figure 1. Classes of biocompatible polymers 

Polymers and polymer-ceramic composites are more and more frequently utilized to 

overcome the drawbacks associated with metals and ceramics in many orthopedic 

applications. Different types of biocompatible polymers are known (Figure 1). Beside natural 

polymers, such as polysaccharides, gelatin and protein-based polymers, synthetic 

biocompatible polymers are also used. They can be subdivided into biodegradable polymers, 

like poly(L-lactide) and poly(ortho-esters), and non-biodegradable ones, for example 

poly(hydroxyl methacrylate), poly(methyl methacrylate) (PMMA) and poly(ethylene glycol). 

Permanent implants almost always elicit a chronic inflammation called a foreign body 

response [16]. Although sometimes there is a need to implant permanent devices into human 

tissue, due to the considerable risk of clinical complications, temporary implants should be 

used whenever possible. For example, in case of drug delivery systems for local treatment of 

cancer, it is not reasonable to leave the expired device inside the body permanently. 

Thus, resorbable and degradable materials dominate some emerging applications such 

as drug delivery or tissue engineering [17]. We can define several types of degradation such 

as photo-, thermal-, mechanical and chemical degradation [18]. As implants are used inside 

the body, neither photo- nor thermal-induced degradation is relevant. The present study 

concentrates on chemically degrading polymers. There are several choices, as each polymer 

with a hydrolytically unstable linkage in the backbone can be chemically-degraded. Most 

common linkages are esters, anhydrides, orthoesters and amides [18].  
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2.1. Biodegradable polymers 

Biodegradable polymers have been widely investigated, and in the last decade they 

have been thought as adequate substances for tissue engineering. Terms such as absorbable, 

resorbable, and degradable, with or without the prefix ‘bio’, are inconsistently used in the 

literature, and of late, distinguishing between them is quite difficult. The most often used 

expression is ‘biodegradability’, which can be defined many ways; e.g. the capability of being 

decomposed (broken down) by natural biological processes. I use the term biodegradable to 

characterize materials that show disintegration after implantation and subsequent complete 

excretion. 

There are numerous choices of polymers; however only a few of them have been 

already Food and Drug Administration (FDA) proved for medical purposes. In the next 

section I list a few of the most relevant ones, but their biocompatibility still requires further 

investigations. The natural polymers, such as starch and chitosan, are very attractive. For 

example, Sousa et al. [19] prepared a bone-analogue biodegradable and bioinert polymer 

composite. High density polyethylene (HDPE) and starch-based plastic were utilized as 

matrices, and hydroxyapatite (HA) and carbon fibers were applied as reinforcement. Their 

results indicated that bone-analogue composites based on the HA reinforcement were 

obtainable with a mechanical performance that may allow for their use in orthopedic 

applications. 

Polymers, called poly(ortho-esters), were developed to address the issue of surface 

erosion to improve the release of drugs from erodible matrices and have been extensively 

developed for applications in drug delivery. These polymers have suitable mechanical and 

processing properties for drug delivery devices but their role in tissue engineering is not clear. 

Polyanhydrides have a hydrolytically labile anhydride bond, which enables the 

polymer to degrade by hydrolysis. The hydrophobicity of the repeating unit can be utilized to 

set the degradation time, because this way the water penetration can be modified. Currently, 

these polymers are not in clinical use, but due to their easily controllable degradation time, 

and variable degradation type (surface and bulk erosion), these polymers are being widely 

investigated; mainly for drug delivery devices [15].

A novel polyester, named poly-4-hydroxybutyrate, has been introduced, which has 

high mechanical strength (50 MPa), low modulus (70 MPa), with extremely high elongation 

(1000%) [20]. This material opens new applications of biodegradable polymers, for example 

the first tissue-engineered biodegradable heart-valve was made of this material.  
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Although thousands of such polymers exist, only a few of them have had success in 

medical applications. Among the synthetic, biodegradable polymers, the family of aliphatic 

polyesters dominates due to their beneficial mechanical, degradative and biocompatibility 

characteristics. In this group one of the favorites is poly(L-lactide) (PLLA), but also the 

poly(glycolic acid) (PGA) has relevance in medical uses. Moreover, their copolymers are 

widely used, due to the fact that the degradation time can be set by the changing the 

proportion of the polymers [21, 22]. 

The poly(lactic acid) and its analogues have been studied since the early thirties, but 

still there are advances. For example, Japanese scientists [23] achieved ultra high molecular 

weight PLA with polycondensation, when it was thought only low molecular weight PLA’s 

could be synthesized. Another recent achievement is that the cyclic dimers of polyesters (e.g. 

lactide or -caprolactone) can be opened by calcium methoxide, which is remarkable as the 

typical initiators are highly toxic [24].

The pure PLLA does not have adequate mechanical properties for certain medical 

applications such as fracture fixation, therefore new studies have been conducted. In late 

nineties Weiler and Gogolewski reported [25] on solid state extrusion of pure PLLA which is 

able to achieve a tensile strength over 150 MPa. Pure PLLA usually has a strength about  

60 MPa. Törmälä et al. [26, 27] developed a technique for self-reinforcing (SR) of PLLA. 

These polymers have high tensile strength ca. 350 MPa. Due to the extremely good 

biocompatibility, mechanical properties, and the long degradation time of PLLA, these are the 

number one materials for interference screws and bone plates. Typical applications of PLLA, 

SR-PLLA and PLLA-ceramic composites are represented in Figure 2. In a recent study [28] 

Törmälä’s research team manufactured intramedullary nails made of poly(96L-4D-lactide), 

achieved self-reinforced fibril structure by solid die-drawing; and to increase the transverse 

strength of the product they applied PLLA fiber reinforcement. The biodegradation was 

monitored until total disintegration; it lasted about 3 years and the process was free from 

inflammatory reactions.  
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Figure 2. Typical applications of poly(lactic acid) [29]; A,B: fixation device for spine fusion, 
C: mini screws and plates [30] 

Although PGA, PLLA and their copolymers are known as highly biocompatible 

biomaterials, there are some associated drawbacks. For example, during the degradation of 

poly(lactide-co-glycolide) (PLGA) and other rapidly degrading polymers, acidic 

disintegration products could cause inflammatory reactions. Schiller et al. [31] showed that 

the PLLA does not induce immunogenic reaction, but the PLGA implant decreases the pH 

significantly as a possible health hazard. They used an inorganic filler, carbonate containing 

calcium phosphate, to compensate for the observed changes in pH. Their results demonstrated 

the efficacy of the filler in suppressing the changes in pH. 

Bleach et al. [32] prepared biphasic calcium phosphate and poly-lactide composites. 

The scanning electron microscopic (SEM) pictures indicated homogenous distribution of 

particles at low and medium filler content, but some aggregation was observed at high 

content. The glass transition temperature was increased by filler content; moreover they 

showed that the ultimate tensile strength and elongation was significantly reduced by the 

filler. 

Besides improving the biocompatibility, the inorganic matter of the composite also has 

another consequence. HA-reinforced PLLA rods were obtained with ultra-high bending 

strength by Furukawa et al. [33]. The rods were implanted in rabbits, and the degradation 

kinetic was investigated in situ. During one year the rod lost 25% of its strength, and the 

process was free of inflammatory reactions. However the crystallinity of the samples was 

increasing which could cause subsequent problems. In another study [30] they prepared mini 

screws and plates based on the same reinforcement, by compression molding. The mechanical 

strength was also investigated, and results suggested an application in oral-maxillary facial 

surgery, as they have good osteoconductivity, but the strength is lower than the desired value 

for typical load-bearing applications.  
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Throughout the manuscript “porosity” refers to a measure of the void spaces in a 

material, which is measured as a fraction, between 0–1, or as a percent between 0–100%; the 

porosity is a state of being porous. 

A porous PLLA and bioactive glass composite was obtained by Zhang et al. [34]. 

Porous composites were prepared by a phase separation technique. The composites were 

porous with an asymmetric structure consisting of a dense top layer and a porous substructure. 

The addition of bioactive glass enhanced the elastic modulus, but decreased the tensile 

strength and ductility of composites. The potential bone-bonding ability of the composites 

was demonstrated by the development of bone-like apatite inside and on the surfaces of the 

composites after soaking in simulated body fluid (SBF). 

Several observations were published by Chen et al. [35] on PLLA based  

poly(D,L-lactide) (PDLLA) or PCL blends. Solution-blending was utilized to obtain 

membranes. PLLA/PDLLA and PLLA/PCL have poor miscibility which can be significantly 

improved by surfactant; e.g. blend of PLLA and PDLLA was hard and tough after adding the 

surfactant. In comparison with PLLA/PDLLA, the PLLA/PCL blends have higher elongation 

and weaker mechanical properties. 

A blend of PLLA and PCL was prepared by Broz et al. [36]. The film was hot-molded. 

They investigated PLLA/PCL blends with different concentrations. The strength, strain and 

modulus changed as an exponential function of PLLA/PCL ratio, and they concluded that the 

mechanical properties of PLLA/PCL blends can be tuned through the blend composition. 

Their results suggest that PLLA and PCL are not miscible, but some adhesion may occur at 

the PLLA/PCL interface when the majority phase is PCL, but not when it is PLLA.

Another study [37] by Törmälä’s team concentrated on SR-PLLA rods, but they 

utilized a solution based blending technique to obtain PCL/PLLA copolymers for tissue 

regeneration. They obtained flexible PCL/PLLA membranes and concluded that these 

products can be beneficial in surgical use as it is simple to operate with them. They also 

deduced that it can be used only for non-load bearing applications due to its low strength, or 

may be utilized simultaneously with SR-PLLA implants. 

Poly( -caprolactone) (PCL) is a simple, linear, biocompatible, aliphatic polyester 

formed by the ring opening polymerization of -caprolactone, normally initiated by an alcohol 

or diol in the presence or absence of a catalyst [38]. PCL has a glass transition temperature 

about -60ºC and a low melting temperature (59 to 64ºC). The pure PCL properties were 

investigated years ago, and recently degradation and surface modification have been 



Literature overview 

10

investigated widely. The PCL degrades at a much slower rate than PLLA which makes it a 

promising candidate for developing long-term, implantable drug delivery systems [39, 40].  

Chen et al. [41] analyzed the degradation as a function of sample geometry; 

microspheres and films were prepared. Biodegradation with and without lipase (enzyme) was 

tested. They found that degradation does not depend significantly on the geometry and surface 

area, and that it occurs first in the amorphous phase; this phenomenon is more dominant in 

cases of enzyme catalyzed processes. They concluded if the degree of crystallinity of the PCL 

specimen is decreased then degradation is accelerated. 

Choi and Kwak [42] published a paper on the crystallization kinetics of PCL which 

had different backbone structures. They synthesized different hyperbranched PCL polymers 

with various -caprolactone-to-initiating hydroxyl group ratio (5, 10, 20), and the results were 

compared to linear PCL. They performed nuclear magnetic resonance (NMR) tests to analyze 

the molecular structure, and to prove the branching. Later, the overall kinetics of non-

isothermal crystallization was investigated by differential scanning calorimetry (DSC). Based 

on their non-isothermal DSC measurements (with the cooling rate 2-10ºC/min) they registered 

the peak temperature, the initial slope of the exotherm at inflection on the high-temperature 

side, and the width at half-height of the exothermic peak. Their results indicated in all cases 

that the speed of cooling influences (decreases) the peak temperature (e.g. the peak 

temperature of linear PCL decreased from 36.0°C to 26.4°C), but the length of the backbone 

increases this value (e.g. the peak temperature of linear PCL is 36.0°C, while this temperature 

is 38.7°C in case of PCL which has -caprolactone-to-initiating hydroxyl group ratio 20). The 

crystallization was faster for higher cooling rates, in accordance with the literature. They 

concluded that hyperbranched PCL with longer linear segments and fewer branches had faster 

crystallization (the initial slope in the exotherms at a given rate was higher), and that the 

nucleation and growth mechanism was not significantly influenced by the architectural 

variation. However the crystallization half-time was dependent on the molecular structure.  

For biomedical purposes, especially in fracture fixation and other bone-related 

applications, the formation of an apatite layer on the implant is necessary. That is why Oyane 

et al. [43] modified the surface of PCL with solutions and studied the mineralization in SBF. 

To modify the surface, aqueous sodium hydroxide (NaOH) was used at different 

concentrations. The samples were immersed in a solution containing calcium (Ca) and 

phosphate (PO4
3-) for apatite formation on the surface; and finally into SBF solution for 24 

hours. The electron microscopic pictures showed apatite formation on the surface. 
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In a recent publication Ciardielli and the co-authors [44] reported on PCL and 

polysaccharide blends. Many tests, among them DSC tests for estimating the thermal 

characteristics of the samples, and cell number analysis for estimating the biocompatibility, 

were performed. The incompatible blends of PCL and natural polymers had an influence on 

the degree of crystallinity, and crystallization temperature, as both of them decreased. They 

found that blending PCL with suitable hydrophilic natural polymer was a promising and easy 

method to improve the biocompatibility of the raw polymer. Both starch and gellan were 

found suitable for this purpose.

Taddei et al. [45] presented work on the physico-chemical properties of porous PCL 

and carbonated apatite composites (CAp). The samples were prepared by phase inversion and 

salt leaching technique. The PCL/CAp ratio was 30/70 percent by weight. DSC measurements 

were performed to estimate the crystallizable fraction, the melting and crystallization 

temperature, and the crystallinity. The crystallinity of pure PCL samples was 70%, decreasing 

to 63% in the case of composite. The results were similar in relation to the crystallization 

temperature, as it decreased from 41 to 38ºC. It was concluded that the inorganic filler made 

the crystallization process more difficult. However, the crystallizable fraction of the 

composite was higher than in the pure PCL specimen. Thermal tests were also carried out 

after 28 days. They found that both PCL and composite samples had higher crystallinity than 

in the beginning because the water can more easily penetrate to the amorphous phase, 

resulting in faster degradation there.

Chen and Sun [46] also investigated a PCL-based composite; examining the 

mechanical and viscoelastic properties of HA-reinforced PCL. Specimens were prepared by 

compression molding, and 0, 20, 40, 60w% HA reinforcement was used. After blending, 

dynamic mechanical analysis (DMA) and DSC measurements were performed, and the tensile 

characteristics of the composite system were also analyzed. The total maximum of tensile 

strength was found at 20 percent (by weight) filler content; the explanation of this 

phenomenon was that first the filler impedes the movement of molecular chains, but the 

reinforcement at high content starts to aggregate, resulting in the lower tensile strength. Both 

melting and crystallization temperatures were slightly increased in the presence of filler, 

suggesting a modest interaction between PCL and HA. Although the DMA measurement 

results were a bit confusing, but they pointed out that at room temperature the storage 

modulus increased as a function of filler content. 

Chemical synthesis and mechanical, thermal and morphological properties were 

analyzed by Choi et al. [47]. They presented data on tensile strength and Young’s modulus. 
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Due to HA both strength (from 10 MPa to 3 MPa) and strain (from 450% to 10%), even the 

modulus (from 160 MPa to 100 MPa) of the composite was significantly decreased. The 

conclusion was that these materials had lower strength due to the micropores which were 

created during the process (Figure 3), and these materials could be more useful for scaffolding 

than other biomedical purposes due to the low strength. 

Figure 3. The cross-sectional morphology of the HA (0.4) – PCL(0.6) composites [47] 

Calandrelli et al. [48] investigated the natural and synthetic hydroxyapatite filled PCL. 

The difference between synthetic and natural HA is that the former has a single-crystal shape, 

while the latter is spherical. The tensile strength at the peak, and modulus were evaluated. 

Biocompatibility and surface morphology were also investigated. 0, 10 and 20w% 

reinforcement was used. The highest strength was obtained at 10w% filler content and the 

highest modulus at 20 percent. It was demonstrated that the spherical filler has higher 

enhancing effect than whiskers. SEM analysis seems to indicate a weak interface, caused by 

the absence of any specific interaction between the filler and the matrix polymer. In terms of 

biological response, it has been found that the presence of fillers provides a beneficial 

response in terms of adhesion and proliferation, with respect to the neat PCL. 

2.2. Guided bone regeneration 

Tissue engineering is one of the most rapidly developing fields in health care. The aim 

of tissue engineering is to create tissues, organs and synthetic grafts in laboratory conditions 

to overcome the difficulties resulting from the lack of donors and existing alternatives. There 

are several definitions of tissue engineering; one of the earliest, by Williams, is “an 

interdisciplinary field that applies the principles of engineering and the life sciences toward 

the development of biological substitutes that restore, maintain or improve tissue function” 

[5]. A more precise definition, by Langer, is “the application of biological, chemical and 
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engineering principles to repair restore or regenerate living tissues used biomaterials, cells and 

factors alone or in combination” [4]. Although each definition is slightly different, each shares 

common elements: the repair or replacement of living tissue, the application of 

interdisciplinary principles, and the use of natural and/or synthetic polymers.  

Many acute and chronic bone conditions require bone substitutes (graft) to repair the 

injury or defect. Current bone grafts, though far from ideal, appear to be one of the most 

commonly implanted materials, second only to blood products. As in other tissues, current 

therapies for bone substitutes include autografting, allografting, and an assortment of man-

made materials and devices. The biomaterial using bone substitutes is a fast developing 

discipline of tissue engineering. Guided bony tissue regeneration has major importance, as 

this tissue is frequently repaired. It has a relatively simple structure, and this simplicity could 

be advantageous, as there is no need to force the different cell types to penetrate in other 

directions; ‘only’ the bone building cell (osteoblast) needs to penetrate and create the bony 

tissue.  

Guided bone tissue regeneration has different tasks. The basic idea is to create a 3D 

porous network with desired pore-size (above 300 m), pore-interconnectivity, porosity, 

mechanical, physical and chemical properties, biocompatibility and degradative characteristic. 

This porous structural material is called scaffold. Although there are several choices of the 

substances, none of them is appropriate. This is why further developments are needed. Many 

approaches have been introduced, e.g. surface modification, reinforcements, fillers, blends 

etc.  

In the next section, recent results on the biological, mechanical characteristics of the 

cancellous bone and polymeric scaffolds are overviewed.  

2.2.1. Mechanical and biological properties of bone 

Hard tissue, mineralized tissue, and calcified tissue are often used as synonyms when 

describing the structure and properties of bone or tooth. ‘Hard’ is self-evident in comparison 

with all other mammalian tissues (e.g. skin, muscle, etc.), which are often referred to as soft 

tissues. Use of the terms ‘mineralized’ and ‘calcified’ arises from the fact that, in addition to 

the principle protein, collagen, and other proteins, glycoproteins, and protein-polysaccharides

– which together comprise about 50% of the volume – the major constituent of bone is a 

calcium phosphate (hence the term ‘calcified’) in the form of a crystalline carbonated apatite 

(similar to naturally occurring minerals, hence the term ‘mineralized’). Irrespective of its 

biological function, bone is one of the most interesting materials known in terms of structure-
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property relationships. Bone is an anisotropic, heterogeneous, inhomogeneous, nonlinear, 

thermo-rheologically complex viscoelastic material [49]. It exhibits electromechanical effects, 

presumed to be due to streaming potentials, both in vivo and in vitro when wet. In the dry 

state, bone exhibits piezoelectric properties. Currey states unequivocally that he thinks ‘the 

most important feature of bone material is its stiffness’ [50].

The bone can be divided into two major types based on the architectural structure that 

is cortical and cancellous bone. The former, dense compact bone is found throughout the 

shafts of long bones such as the femur, tibia, etc., and is also found in the outer portions of 

other bones in the body. The latter is also known as porous, spongy, or trabecular bone. It can 

be found in the regions of the articulating ends of tubular bones, in vertebrae, ribs, etc. [6]. 

Throughout the dissertation trabecular and cancellous bone are used as synonyms; however 

there is a slight difference. The trabeculae are indicated on Figure 4, where the porous 

structure of the cancellous bone is visualized, also. 

Figure 4. Macroscopic structure of cancellous bone [51] 

Each human body is a unique system resulting from different chemical compositions 

and mechanical properties. For example, the bone mineral is not simply hydroxyapatite nano-

crystal as usually stated, but recently it was found that it is hydroxyl- and calcium-deficient, 

carbonated apatite. The ratio of calcium and phosphate ranges from 1.3:1 to 1.9:1 [52]. Some 

recent studies were performed to investigate the mechanical properties of bones. During the 

compression of trabecular bone, different values were obtained. For example, Brown et al. 

[53], during pressing the superior femoral head, found that the trabecular bone had a strength 

of 2.35 MPa and 247.0 MPa Young’s modulus, while in the same study in the case of the 
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inferior femoral head, they got a compressive strength of 0.56 MPa, and a 51.0 MPa modulus. 

In the same year Homminga et al. [54] reported that the femoral had a 10.0 MPa Young’s 

modulus. In the late eighties, Ashman et al. [55] found that the proximal tibia had a strength 

of 2.22 MPa, and a modulus of approximately 450 MPa.  

Table 19 shows the compressive strength and modulus of both the human bones and 

the most relevant polymers. 

Table 19. Properties of bone and some biodegradable polymers 
Tm Tg Degradation

[°C] [°C] strength [Mpa] modulus [Mpa] time [month]
cortical bone - - 130-180 3000-30000 -
cancellous bone - - 2-12 50-500 -
poly-glycolide 225-230 35-40 - 7000 6-12
poly-L-lactide 173-178 60-65 - 2700 >24
poly-DL-lactide amorphous 55-60 - 1900 12-16
poly(DL-lactide-co-glycolide) amorphous 45-55 - 2000 1-6
poly( -caprolactone) 58-63 -65- -60 - 400 >24
poly(propylene fumarate) - - 2-30 700 dependent

Compressive
Material

2.2.2. Tissue engineered scaffolds 

Scaffold manufacturing techniques can be divided into two main groups; the 

conventional methods such as solvent casting/particulate leaching, gas foaming, electro-

spinning, while the second group is the so called solid free form (SFF) fabrication. Although 

the state of the art method of scaffold manufacturing is solid free form fabrication, such as 

fused deposition modeling (FDM), 3D printing or selective laser sintering, they cannot be 

widely used to date due to the high cost and the need of highly sophisticated instruments. The 

present subchapter focuses on the PCL-based scaffolds obtained by the conventional method, 

with examples of some other materials and of some SFF technique-based techniques. There 

are many reviews, book chapters, and even whole books on these methods [56, 57]. The 

solvent casting/particulate leaching and compression molding/particulate leaching techniques 

will be introduced here, briefly. 

In general we can say of the scaffold that it must be highly porous with 

interconnectivity, should have adequate mechanical properties, and appropriate degradative 

characteristics. Both solvent casting and compression molding can be combined with 

particulate leaching. These are relatively simple methods which do not require highly 

sophisticated equipment to obtain highly porous scaffolds. The pore-size is dependent on the 

porogen fraction, and in the case of solvent casting, is also dependent upon the speed of the 
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precipitation and upon the solvent. The porogen can be salt or any material, which has such a 

solvent that does not solve the matrix material (for example, sodium chloride). 

In case of solvent casting, the first step is to dissolve the polymer (e.g. PLLA or PCL) 

in an appropriate solvent and then cast it onto a culture dish filled with the porogen. After 

solvent evaporation, the polymer/porogen composite is leached in water for few days to 

remove the porogen. The scaffold porosity can be easily controlled by the amount of salt 

added, while the pore size is a function of the crystal-size. With 70 weight percent salt and 

above, the pores exhibited high interconnectivity [56, 58]. 

The compression molding/particulate leaching technique involves filling an steel 

mould with polymer powder and porogen, of specific size, and then heating the mould above 

the melting temperature of polymer while applying pressure to the mixture. This treatment 

causes the polymer particles to bond together. Once the mould is removed, the porogen 

component is leached out by immersing in water and the scaffold is finally dried [59]. 

Many of the biodegradable polymers can be utilized for obtaining porous scaffolds. 

For example, starch is a remarkable substance for tissue engineering. Although starch-based 

polymers do not have any biomedical application yet, several studies have been conducted. 

Starch ethylene vinyl alcohol (SEVA) and starch cellulose acetate (SCA) blends were used as 

matrix, and compression molding as well as extrusion was adopted for scaffold processing by 

Gomes et al. [60]. The compressive strength and modulus were in the adequate range; above 

10 MPa and the modulus over 100 MPa. They concluded that it could be an appropriate 

substance for tissue engineering; however a biocompatibility test was not performed. The 

surface morphology of the obtained scaffolds can be seen on Figure 5. 

Figure 5. Surface morphology of SEVA based scaffold [60] 

As a continuation of the previous study, Marques and Reis investigated the 

biocompatibility of the HA-reinforced starch based scaffolds [61]. Different biological tests 
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were performed and the results indicated that the HA filling did not improve the 

biocompatibility. In the short term, the pure SEVA had better biocompatibility than the HA 

filled one, and even better than the control material. After 7 days, however, the cell-number 

was significantly lower than the control. They concluded that these materials, with some 

further development, could have applications in tissue engineering. 

Porter et al. [62] have one of the first patents on tissue engineering. Porous 

biodegradable scaffolds were made of poly(propylene fumarate) (PPF), porogen and inorganic 

filler. Sodium chloride (NaCl) was utilized as the porogen, and -tricalcium phosphate was 

the filler. Compression and bending tests were performed, and they obtained a high 

compressive modulus of approximately 500 MPa; however the porosity of the obtained 

scaffolds was not reported. 

Many authors have prepared lactic acid-based scaffolds. For example, PLGA (75:25) 

was processed into porous foam and cultured with stromal osteoblast cells by Ishaug et al. 

[63]. The cells proliferated and secreted mineralized matrix. One of the limitations was that 

the mineralized matrix was formed only at the surface layer of the foam (~240 m). 

Composite foam of PLGA (50:50) and hydroxyapatite was fabricated with the salt-leaching 

technique by Laurencin and co-workers [64, 65]. In a 21-day osteoblast culture on the 

PLGA/HA composite matrix, the cell attachment, function and mineral formation showed 

some promising features of the HA containing matrix. However, the matrix porosity was quite 

low, which might not be ideal for long-term cell survival, proliferation and tissue formation, 

due to mass transport limitations. 

A novel salt-leaching technique was introduced by Gross et al. [66]. They 

spheroidized the salt, and a template was prepared by compression molding. The salt template 

was soaked in apatite bath, and afterwards the polymer solution was poured. Finally the salt 

was leached out. They stated that Mikos’s observation [56], which only 3 mm thick 

specimens can be obtained by this method, is not correct. 

A paper was published on PLLA/HA scaffolds in 1999 by Ma and Zhang [67]. They 

prepared the composite scaffolds by solid-liquid phase separation and subsequent sublimation 

of the solvent. They investigated different amounts of filler up to 70 weight percent. The 

observed porosity was in the range of 85-95 percent. They observed a significant 

enhancement by the filler both in compressive strength and modulus (Figure 6).
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Figure 6.  The compressive modulus and yield strength of the PLLA-based foams.
(A) PLLA foam; (B) PLLA/HA (50/50) composite foam [based on 61] 

PCL, PLGA was blended with HA by Marra et al. [68] for in vitro analysis of 

composites. The tensile strength and Young’s modulus were investigated. The strength was 

similar to the cancellous bone, but the modulus was significantly lower.  

Filipczak et al. [69] prepared a comparative study on PMMA and PCL-based 

scaffolds. They presented some optical microscopic pictures on the structure, and showed the 

salt fraction influence on the pore size. The dominant pore size resulted from the particulate-

leaching process; however micropores were formed by the solvent casting technique. Some 

stress-strain curves and modulus were presented with irradiated and non-irradiated bulk 

samples, and also on porous samples. Their results showed significantly lower modulus in 

case of porous samples than the data in other literature, because they obtained less the 

0.01 MPa. Some preliminary biocompatibility tests were also performed, and they pointed out 

that both materials could be utilizable for bone regeneration. 

In fact, the most sophisticated method of scaffold processing is the SFF. Wang et al. 

[70] employed one of these techniques, called precision extruding deposition. It is basically 

equal to FDM. The obtained scaffolds had much lower porosity than the scaffolds prepared by 

conventional methods, but had major advantages. For example, porogen was not needed to 

obtain porous structure, the geometry can be set in wide scale, and as these scaffolds had 

lower porosity, and the strength was significantly higher, about 10 MPa. The porosity was 

only 50 percent, but the interconnectivity, due to the design, was about 99 percent. 

Williamson and Coombes published a paper [71] on PCL fibers prepared for tissue 

engineering purposes. They utilized wet spinning from PCL/acetone solution to obtain fibers, 

and the influence of process condition was investigated on the mechanical properties. The 

tensile strength and stiffness was able to be set on a wide scale; the strength varied from 1.8 

MPa up to 50.0 MPa, and the modulus was in the range of 0.1-0.3 GPa. Preliminary 

biocompatibility tests were also performed with fibroblasts; the cell number started to 
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increase. These results concluded that the gravity-spinning of the PCL can be more suitable 

for soft tissue engineering than existing options such as Dacron. 

PCL macromers and networks were synthesized by Kweon et al. [72]. Moreover, salt 

particles were used to manufacture 3D porous scaffolds. They utilized chemical procedure 

(UV polymerization) to obtain the cross-linked structure. Due to the cross-linking process the 

compressive strength was significantly increased. Further, both the crystallinity and melting 

point of PCL decreased significantly, and degradation was accelerated to over twice the speed 

in SBF solution. The biocompatibility tests were successful in that cell attachment was better 

compared to the raw material. 

Although there are several studies on PCL-based scaffolds, they have several 

drawbacks. For example, due to its high hydrophobicity the cell-adhesion can be inhibited, or 

PCL has low strength and modulus for bone related applications. To overcome these 

disadvantages, but retain the beneficial properties of PCL, composites are investigated more 

and more frequently. Two major trends occur in the literature, one is utilizing 

polysaccharides; the other is using inorganic filler, for example hydroxyapatite.  

Starch and PCL-based hybrid foams were investigated by Preechawong et al. [73]. 

They found that the strength, strain and rigidity can be modified advantageously. In the first 

stage of the enzymatic degradation, the PCL/starch blend degraded faster, but the starch 

specimen degraded totally after 3 hours, with the blend degrading more slowly due to the PCL 

content.

Chitosan is another polysaccharide with hydrophilic characteristics. Sarasam and 

Madihally investigated these composites in a recent paper [74], and they found that the 

PCL/chitosan composite can have superior cell vitality over chitosan and PCL on their own; 

however the cell number is lower in these cases. The obtained membranes had tensile strength 

in the range 0.3-2.0 MPa, while the modulus varied in the range 1.5-3.0 MPa, depending on 

the ratio of PCL and chitosan and the post-treatment.  

The other major issue of tissue engineered scaffolds is the inorganic phase reinforced 

composites. In the Figure 7, a coated scaffold can be seen, from Kim et al. [75].  
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Figure 7. Hydroxyapatite scaffold coated with PCL [75] 

The HA scaffold was prepared by reticulated polyurethane foam method, and then the 

scaffold was immersed to PCL and drug-containing solution. After immersion the specimen 

was put into composite solution to remove the residual solvent. The surface morphology was 

investigated by SEM, and they analyzed the scaffold. This methodology was found applicable 

for drug delivery during the bone regeneration. Another outcome of their research was the 

significant reinforcing effect on the pure HA scaffold. They achieved approximately a 200 

percent increase. Although they published these observations, did not have any explanation 

for this phenomenon.  

Gibson and Ashby in the late eighties published a book which has become an essential 

one about the mechanical properties of porous materials [76]. They overviewed the cellular 

solids with both open and closed cells, but for scaffolds the properties of open cell foams are 

more relevant. As it is suggested the compression curve can be divided into three independent 

parts. The linear elasticity is controlled by cell-wall-bending in case of open pores; and by 

cell-face stretching in case of closed pores. The compressive Young’s modulus can be 

approximated by a line before the deformation exceeds the strain of elasticity. Yield point, is 

given by the strain of elasticity and yield strength, can be defined as the intersection of the 

initial slope of the compression curve (compressive Young’s modulus), and the slope of the 

plateau. Beyond the yield point, the plateau is associated with collapse of the cells by elastic 

buckling in elastomeric foams. This regime of the curve can be described by the modulus of 

plateau. When the cells have almost completely collapsed, opposing cell walls touch and 

further compresses the solid itself, giving the final region of rapidly increasing stress (tending 

to compressive Young’s modulus of bulk material). This point is the densification point 

characterized by strain of densification and densification strength. 
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To describe the stress-strain behavior of cellular solids, different equations were 

defined which can give a good approximation of the mechanical properties [76]. 

Figure 8. Typical regimes of compressive stress-strain curves of polymeric foams [76] 

The following equations (1-4) are to describe the compressive characteristics: 
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where Eel – compressive Young’s modulus of the cellular solid, Ec – compressive Young’s 

modulus of the bulk material, C1 – includes all of the geometric constants proportionality,  

* – density of the porous material, s – density of the bulk material, */ s – relative density.
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where el – compressive yield strength of the cellular solid.  
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where  – compressive stress,  – strain.
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where d – strain of densification. 

Based on the equations it is possible to prepare the stress-strain maps which can describe the 

deformation at any porosity or deformation level (Figure 9).  
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Figure 9. Stress-strain map of cellular solids [76] 

Feijen has attempted to utilize the theory suggested by Gibson. He and his coworkers 

prepared several studies [77, 78] on the manufacturing of porous PCL-based scaffolds. For 

example, in 2002 they prepared scaffolds with different salt fractions by a coagulation process 

and with different temperatures by freeze drying process [77]. They investigated the surface 

morphology by scanning electron microscopy and porosity by estimating the volume and 

weight. They found that both methods are capable of giving highly porous scaffolds with 

highly interconnected structure. The porosity of the salt-leached samples showed linear 

correlation, however at 80w% salt fraction, the porosity was about 70%, while at 97% salt 

content the porosity was about 92%. In 2003 they published a paper [78] on PCL, PDLLA 

scaffolds manufactured by the same methods. In this case, they calculated compressive 

modulus, and plotted in function of porosity. In both cases they found exponential decrease of 

the modulus, and the obtained scaffolds, which had 70% of porosity, had modulus less than 

4.0 MPa. They presented their results on the power-law relationship (Figure 10 and  

equation 5) [76]: 

59.2
0el )p1(310E , (5) 

where Eel – compressive modulus of the cellular solid, 310 – PCL matrix material dependent 

constant, p0 – porosity, and 2.59 – shape factor of the porogen.  
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Figure 10. Power-law relationship of porous PCL, PDLLA samples [78] 

2.3. Radiation induced changes on polymers 

As it was shown in detail in the previous sections, porous samples with 

interconnective pores are desired to provide a scaffold for guided tissue regeneration. These 

products interact with human tissues, meaning that they have to be sterile. The two major 

routes in obtaining an acceptably sterile product are aseptic manufacturing and terminal 

sterilization. For economical and practical reasons, the latter strategy is considered a more 

realistic approach to achieve sterile biomedical devices. Commonly used sterilization 

techniques are dry heat, autoclaving, ethylene oxide gas, and radiation. Low temperature 

radio-frequency glow discharge plasma treatment has also been introduced as a sterilization 

method for polyester devices. Conventional methods such as dry or moist heat sterilization 

often initiate degradation and hydrolysis of the devices used. Ethylene oxide, due to residual 

amounts, often causes toxicological problems. Thus, irradiation sterilization of 

pharmaceutical preparations has become popular in recent years [79]. The relevance of 

ionizing radiation is more significant than other procedures as a result of the porosity and low 

melting point of poly( -caprolactone), which makes the typical sterilization process 

inadequate. Many studies are conducted on the effect of ionizing radiation on polymers as 

they can be modified significantly at relatively low doses.

Due to radiation the polymer can undergo basically two types of reaction chain 

scission and cross-linking. Many studies have been conducted in this area. For example 

D’Alelio et al [80] in the late sixties investigated the irradiation effects on aliphatic polyesters. 

The effect was evaluated by viscosity measurements, and their conclusion was that increasing 
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the ratio of ethylene (-CH2-) and ester (-COO--) groups results in higher ratio of cross-linking 

and chain scission.

Polylactide is also widely studied in relation to radiation effects. Different studies 

proved that the chain scission dominates cross-linking at doses below 250 kGy [81]. But 

Gupta and Deshmukh [81] pointed out in the early eighties that applying a higher dose results 

in a higher cross-linking ratio, both in air and inert atmosphere. In general it can be stated that 

the PLLA becomes more rigid and brittle due to the ionizing doses. That is why it is difficult 

to utilize them for tissue engineering.

The e-beam radiation effect on poly(D-lactide) (PDLA) and PLLA was recently 

investigated by Chye and co-authors [82]. They found similar patterns, the low radiation dose 

decreased the molecular weight, the glass transition, melting and crystallization temperature, 

but the degree of crystallinity was increased. They pointed out that this phenomenon could be 

beneficial for controlling the degradation rate, as the crystalline parts degrade more slowly. 

Narkis et al. [83] reported their results on the chemical and physical properties of 

irradiated PCL. They found that due to the radiation, PCL undergoes both cross-linking and 

cleavage, but the cross-linking is dominant. A small drop in molecular weight was observed at 

small doses, but above 50 kGy the cross-linking dominated chain scission. Although in the 

beginning they had a narrow range of molecular weights, it widened with increase of the 

applied dose, and they pointed out that the high molecular weight PCL will be transformed 

from sol to gel. They performed DSC measurements to investigate the fusion of the crystals as 

a function of dose. Although they presented both 1st and 2nd heating curves, the more relevant 

is the 2nd run, because in this case the fusion is not influenced by the thermal history of the 

prepared samples. Even at low doses the melting temperature decreased significantly, e.g. at 

200 kGy it decreased from 60 to 55ºC. The 20-50 kGy radiation resulted in the dramatic 

decrease of the tensile elongation. Furthermore, above the gelation dose the elongation 

dropped from 300 percent to approximately 10 percent.  

Södergärd [84] grafted poly(acrylic acid) onto PCL using high energy radiation, and 

also investigated the radiation-induced changes on PCL. The DSC results showed that at  

100 kGy chain-scission and cross-linking were at the same level, but at 200 kGy cross-linking 

dominated. Above 200 kGy they observed sol-gel transformation, and at about 700 kGy they 

observed approximately 50 percent gel content. This value is much lower than in other 

studies, where researchers, at 500 kGy, estimated the gel content to be about 80 percent. 

Yoshii et al. [85] also investigated the effect of ionizing radiation on PCL. A cobalt 

(60Co) source with a 10 kGy per hour dose rate was applied to irradiate the specimens, which 
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were irradiated in molten or super-cooled states, and also at room temperature. They prepared 

films by compression molding of irradiated PCL pellets. They observed the highest gel 

content when the specimen was irradiated in a super-cooled state, and the lowest gel content 

was at room temperature. This phenomenon was explained by the higher amount of the 

amorphous part; and the difference between the super-cooled and molten state resulted from 

evolved gas during the radiation. They performed DMA measurements and they presented 

data as a function of the dose. The dynamic modulus (E’) decreased rapidly above 60ºC in 

case of non-irradiated PCL – due to the melting of the crystalline parts – but irradiated 

samples had a steady decrease in E’ up to 150-220ºC – due to the formation of branched 

structures during the irradiation. Based on these results they concluded that high melt strength 

is maintained above the melting point. They tested the biodegradation with activated sludge. 

The irradiated samples degraded faster than non-irradiated samples in the first period. This 

effect resulted from the decrease of the crystal size; as the smaller crystal has lower molecular 

weight. These lower molecular weight fragments come from radiation degradation and 

accelerate the degradation process at an early stage. 

In another study [86] the same research group used lipase AK to investigate the 

enzymatic degradation of cross-linked PCL at high doses. The more cross-linked the PCL 

was, the slower it degraded. They performed tensile tests and plotted the tensile strength as a 

function of weight loss, and they found an approximately linear relationship between them. 

Abdel-Rehim et al. [87] also used e-beam source to achieve cross-linked PCL in the 

presence of polyfunctional monomers. This cross-linking process does not require radiation 

doses as high as the standard method, and at 40 kGy they observed the maximum gel-content. 

Their results indicated an increase of the tensile strength, and a decrease of the strain; 

moreover the degradability is decreased significantly. Concerning the mechanical testing, they 

obtained about a 15 MPa increase due to the irradiation (compared to the original 15 MPa 

value) and the strain decreased from 1000% to 300%.  

2.4. Critical review of the literature and scope of the study 

While surveying the literature I found many publications concerning bone mechanics, 

biomaterials and bone tissue engineering; but these topics have been studied mainly via 

chemical aspects.  

Bone mechanics is an important field of engineering due to its unique entity. All the 

properties are known as stochastic variables, and usually simplifications are adopted to design 

bone related products. One of the simplest, but most reasonable simplifications is from the 
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standpoint of bone graft design; we apply the average porosity, strength and modulus of the 

bone, approximating the maximum of average stress during daily life. Based on the stress in 

trabecular bone, Ramakrishna et al. [88] stated that the scaffold should withstand 

approximately 4.0 MPa stress in compression; but in contrast many authors indicated that the 

cancellous bone had the strength in the range of 0.51-2.25 MPa based on their experimental 

data.

Highly porous scaffolds can be obtained from different materials, and their 

characteristics are well-defined with respect to chemistry, but excepting Feijen’s study [78] 

there is no relevant paper on porous scaffolds dealing with mechanical point of view. 

However, this study deals only with the compressive properties. In some respects, I would 

like to continue this work and extend the related equation to scaffolds prepared by solvent 

casting and particulate leaching techniques, and also to polymer-ceramic composite scaffolds. 

Although the irradiation-caused changes have been studied several times in the recent 

decades, only a few of them were relevant concerning the mechanical properties. Many 

studies had basic information on the changes of either tensile strength or tensile strain as a 

function of radiation dose, but general characterization of the irradiated samples has not yet 

been performed. To fill the gap, I would like to measure the tensile and compressive 

strengths, modulus, strain and compressive creep characteristics of the irradiated samples as a 

function of dose. 

Based on the literature, and its critical review, the aim of my PhD thesis is:  

to investigate the effect of ionizing radiation on the mechanical properties of 

poly( -caprolactone) with a brief look at the cross-linking of PCL, 

to develop a novel porous scaffold based on PCL, and investigate the effect of 

high energy radiation and the possibility of cross-linking, and the effect of 

pore-size on the producible porosity and mechanical properties, 

to develop a reliable polymer-ceramic composite for bone regeneration, which 

has appropriate biocompatibility and compressive properties, 

to investigate the validity of the power-law relationship, and to expand this 

relationship to inorganic substance-filled porous polymeric scaffolds. 



Materials and methods 

27

3. Materials and methods 

The aim of the third chapter is to give an overview on the experimental materials and 

to describe the measurement techniques which were applied. 

3.1. Materials 

PCL of a nominal number-average molecular weight, Mn=8·104 Da and  

weight-average molecular weight, Mw=13·104 Da was obtained from Aldrich. It was dried 

under reduced pressure at 40ºC before use.

Calcium carbonate (CaCO3) was used as inorganic filler in composite systems with 

two crystal structures. Calcium carbonate in the form of calcite powder was supplied by 

POCh Gliwice (Poland) and underwent wet grinding (the mass median diameter of the 

powder (that is the median diameter of the mass braised distribution), d0.5 = 3.0 m). The 

shape of calcite particles is shown Figure 11A. 

Figure 11. SEM pictures of the structure of calcium carbonate filler; A: powder-like calcite, 
B: needle-like aragonite 

Needle-like crystals of calcium carbonate, called aragonite, were manufactured in the 

Bioceramic Department of the Institute of Glass and Ceramics (Warsaw, Poland) by a 

precipitation method (d0.5 = 7.9 m). The shape of such particles is shown in Figure 11B. 

Sodium chloride (NaCl) (Figure 12) was utilized as porogen, and before use it was 

fractionized by a Meinzer 11 sieve shaker. NaCl crystals in the ranges of  

63-125 m, 125-250 m, 250-500 m and 500-1000 m were used for separate samples.  
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Figure 12. Typical shape of the salt crystals 

All the following chemicals (which were used during experiments) were of analytical 

grade and used as received: 

potassium phosphate dibasic trihydrate (K2HPO4·3H2O),

calcium chloride (CaCl2),

potassium chloride (KCl),  

magnesium chloride (MgCl2·6H2O),

sodium sulfate (Na2SO4),

hydrochloric acid (HCl), 

tris(hydroxymethyl)aminomethane (NH2C(CH2OH)3),

N,N-dimethylacetamide (DMAc),  

tetrahydrofurane (THF),

chloroform,  

acetone.

3.2. Methods and instruments 

The following section of the chapter will provide basic information about the 

manufacturing and testing methods. The applied equipments, and methodologies will be 

introduced briefly. 

3.2.1. Scaffold processing 

Throughout the experimental part the polymer based scaffold processing techniques 

can be divided into three independent groups: electro-spinning, phase-separation and 

particulate leaching techniques. 

The first technique, which was used to prepare porous scaffolds, was the electro-

spinning. Electro-spinning is a process to make nano- and micro-fibers with fiber diameters in 
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the range of about 10 nm to 10 m from polymer solution through electrostatic force. When a 

droplet of polymer solution is subjected to a high electrical voltage, as shown on Figure 13, 

the charges drag the solution to form fibers. If the charge repelling force overcomes the 

solution surface tension, the fiber production begins. This process is applicable to obtain 2D 

polymeric nonwovens (the thickness does not exceed 100-10000 nm, which can be utilized to 

produce 3D scaffolds by layering. 

For this experiment, PCL solution was obtained with different polymer/acetone ratios 

mixed in a LAB line Orbit shaker bath at 37ºC overnight. In addition, N,N-dimethylacetamide 

(DMAc) was added to decrease the surface tension of the solution, and to increase its 

dielectric constant. At the same time several parameters were varied to optimize the 

manufacturing. 

Figure 13. Theory of electro-spinning of polymeric solutions 

The second processing method was the phase-separation. A homogeneous 

multicomponent system, under certain conditions, becomes thermodynamically unstable and 

tends to separate into more than one phase in order to lower the free energy of the system. A 

polymer solution separates into two phases, a polymer-rich phase and a polymer-lean phase. 

After the solvent is removed, the polymer-rich phase solidifies. Phase-separation techniques 

have been used to fabricate porous membranes for filtration and separation. As the very first 

step, PCL solution was obtained with different polymer/acetone ratios mixed in a LAB line 

Orbit shaker bath at 37ºC overnight. The obtained solution was poured into the stainless steel 

tool, and then immersed into distilled water for phase separation. Later the phase-separation 

scaffolds were put into a vacuum drier, and then dried under reduced pressure at 40ºC till the 

mass-change was not measurable. 

The particulate leaching technique was the third manufacturing method applied, which 

can be combined with numerous other methods. Briefly, salt is first ground into small 
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particles, and those of the desired size are transferred into a mold. The polymer solution is 

then cast into the salt-filled mold. After the evaporation of the solvent, the salt crystals are 

leached away using distilled water to form the pores of the scaffold. The process is easy to 

carry out. The pore size can be easily controlled by the size of the salt crystals, and the 

porosity by the polymer/salt weight ratio. In the experimental part, I combined the particulate 

leaching with both solvent-casting (Figure 14) and melt-mixing techniques (Figure 15). The 

main difference between the two procedures is in the pore-forming process. In case of solvent 

casting and particulate leaching technique, the pore is formed due to the evaporation of the 

solvent, and also as a result of the leaching out of the pore-forming agent. In case of melt 

mixing/particulate leaching technique the pore-system is a result of the leaching out process, 

and no additional pore forming process can occur. 

As with the beginning of the prior method, I prepared PCL solution with different  

polymer/acetone ratios mixed in LAB line Orbit shaker bath at 37ºC overnight. Before the 

casting process I added pore-forming agent to the system to create macropores in the scaffold. 

The slurry was poured into a stainless steel tool. Then the solvent was evaporated till the 

polymer/salt mixture was left over. The prepared presample was then immersed in distilled 

water for salt-extraction and after leaching out the specimens were dried under reduced 

pressure at 40ºC till the mass-change was not measurable.

Figure 14. Scheme of solvent casting and particulate leaching  procedure 

The later technique was the melt-mixing/particulate leaching technique. To prepare the 

PCL/salt mixture, a BRABENDER-type internal mixer was utilized at 120ºC till torque 

equilibrium. The prepared mixture was hot-pressed by COLLIN P-200E-type compression 

molding equipment (at 100 bar pressure for 10 min, then followed by cooling) to obtain the 

PCL/salt samples. These specimens were immersed into water for salt extraction, and after 
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this process the sample was dried under reduced pressure at 40ºC till the mass-change was not 

measurable. 

Figure 15. Scheme of compression molding and particulate leaching procedure 

The composite scaffold was synthesized by very similar methodologies (by phase-

separation, solvent-casting, and melt-mixing combined with particulate leaching).  

The first steps were the same in case of phase-separation and solvent-casting process. 

The PCL/acetone solution was obtained, and the solution was mixed with inorganic filler 

(namely calcium carbonate). Afterwards the polymeric slurry was poured into the stainless 

steel tool. The difference between the first and second technique is in the solidification 

process of the scaffold. In the prior case the slurry is immersed into water to increase the rate 

of the solidification, while in the later case the solvent is evaporated, so the pores are slowly 

formed.  

As in case of the melt mixing/particulate leaching technique, the first step of the 

scaffold manufacturing was the melt mixing of the PCL pellets, NaCl and CaCO3. After melt 

mixing, the mixture was pelletized, and then the pellets were compression-molded to the 

geometry of the specimens (2.0 mm in height, and 12.0 mm in diameter). The composite/salt 

samples were immersed into water for salt extraction, and following salt-extraction the sample 

was dried under reduced pressure at 40ºC till the mass-change was not measurable. 
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3.2.2. Chemical testing 

UV/Vis spectrometry: 

To investigate the purification process a Perkin Elmer Lambda 40 UV/Vis 

Spectrometer was utilized (MITR, Polytechnic University of ód ).

Static laser light scattering (LSI): 

The weight-average molecular weights and the radius of gyration (Rg) were measured 

by static multi-angle laser light scattering in THF at 25ºC (Brookhaven Instruments  

BI-200SM equipped with a Coherent Innova 90C Argon-ion laser,  = 514.5 nm). PCL 

solutions in THF were prepared by gentle overnight stirring at room temperature. Prior to the 

analysis, the samples were filtered through a 0.45 m-pore-size filter (Sartorius). Refractive 

index increment for PCL in THF at 25ºC, determined with Knauer 193 differential 

refractometer, is 0.0786 cm3g-1, close to the literature value of 0.0795 cm3g-1 measured at 

35ºC.

Viscometry: 

Intrinsic viscosities of PCL in THF were determined at 25ºC with an AVS-310 

automatic viscometer (Schott Geräte) equipped with an Ubbelohde viscometer type 01/0a. 

The molecular weight was calculated by the Mark-Houwink equation: 

MK , (6) 

where  – intrinsic viscosity, M  – viscosity-average molecular weight, and the constants are 

K =1.395.10-5 dm3g-1 and =0.786 [89]. 

Extraction:

Extraction was utilized to estimate the residual salt content, and also the gel-content in 

case of irradiated specimens. The amount of cross-linked PCL (or gel content) was 

determined by Soxhlet extraction. THF was used as a solvent, and the run lasted for 24 hours. 

The THF was removed from the residue by drying the cellulose extraction thimble for 8 hours 

at 100ºC. Either the gel content or the residual salt content was calculated as the percentage of 

dried sample remaining after the extraction. 
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3.2.3. Mechanical testing 

Tensile test: 

Tensile tests were performed according to ISO 527 standard. Both the sample 

geometry and the test conditions were set as suggested. The test was done by a Zwick Z020 

universal testing machine at room temperature, at 100 mm/min crosshead speed. The initial 

modulus was calculated between 0.0005 and 0.0025 based on the crosshead length. 

Chord modulus was calculated using the chord method:

lh

lho
t LL

FF
Z
L

E , (7) 

0Z

F
t , (8) 

where Et – tensile Young’s modulus, Lo – initial length, Fh – force at =0.0025,

Fl – force at =0.0005, Lh – length at =0.0025, Ll – length at =0.0005, t – tensile strength 

and Z0 – initial cross-section. 

Compression test: 

Compression tests were performed according to ISO 804 standard. Both the test 

conditions were set as suggested. The test was done by a Zwick Z020 universal testing 

machine at room temperature, at 1.0 mm/min cross-head speed. The height of the specimen 

was calculated based on the crosshead length. The modulus of elasticity was calculated using 

the same method as previously for the tensile tests:
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F
c , (10) 

where Ec – compressive Young’s modulus, h – initial height, Fh – higher force , Fl – lower 

force, Lh – higher strain, Ll – lower strain, c – compressive yield strength and  

Z0 – initial cross-section. 

Compressive creep test: 

The compressive creep characteristic of the irradiated and non-irradiated samples was 

determined by photo-stress method. A plane reflection polariscope (equipped with Olympus 

E-300 camera) was utilized. The surface of PCL specimens was coated by a reflective, metal 
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layer, and polyester resin was used to detect the fringes. A constant 500 N force was loaded 

on the specimen; the creep was followed and recorded over 3 hours. Based on the pictures of 

calibration and the pictures taken, the compressive modulus was calculated and investigated 

as a function of time and irradiation dose. 

3.2.4. Structure analysis, and biocompatibility 

Optical microscopy 

Optical microscopy was used to investigate the structure and evaluate the porosity of 

the porous scaffolds. OLYMPUS BX51 optical microscope equipped with OLYMPUS  

C-5060 Camera and image processing software was utilized. 

Scanning electron microscopy (SEM) and energy dispersive spectrometry (EDS) 

Scanning electron microscopic pictures were taken of the surface and cross-cut 

morphology of the specimens by a JEOL JSM 6380LA instrument. Before the test, JEOL  

JFC-1200 fine coater was used to create a metal layer on the specimen. Magnification was 

applied from 18 up to 30.000. The pores were investigated in the range of 100 nm up to  

1000 m. To investigate the correlation between the pores and salt-grain size, the built-in 

software was used.

Energy dispersive spectrometry (JEOL JED 2300) was used to estimate the residual 

salt content in the scaffold after the salt-leaching process, and also it was utilized to test the 

salt-leaching time. For the experiment, the mass ratio of carbon, oxygen, sodium and chloride 

was measured. 

Estimation of the biocompatibility based on cell numbering

Human ostecaromic cells were used to investigate the biocompatibility of PCL 

matrices. The experiments were performed in 24-well polystyrene culture plates (TCPS-tissue 

culture polystyrene, Sarsted). Before cell inoculation the sterile samples were pre-treated with 

RPMI1640 medium (Sigma) supplemented with 10% foetal calf serum, 1% antibiotic mixture 

(Sigma) in humidified carbon dioxide atmosphere. The cells were seeded at  

105 cells/ml/well onto sterilized PCL. 

After two days the medium was changed. For the next seven days the cells were 

maintained in culture medium at 37oC in a humidified carbon dioxide atmosphere. At the 

fixed time, the cells were re-suspended by Trypsin-ETA solution (Sigma) and the cell-growth 

was determined by cell numbering in Bürker chamber. 
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3.2.5. Irradiation source and dosimetry 

ELU-6E linear accelerator (MITR, Polytechnic University of ód ), which had dose 

rate in the range of 0.28-2.78 Gy/s, was applied. The accelerator worked in both pulse and 

continuous mode, but only the continuous mode was used. The irradiation was performed at 

room temperature and in an air environment. The specimen was 1.6 meters from the source. 

The dose rate was determined by a resistance-based dosimeter. The resistance of the 

calorimeter was measured before and after 1 or 2 minutes of irradiation. The absorbed dose 

can be calculated from the resistance changes. To calculate the dose rate the CALOR1 

program was utilized.  

The irradiation chamber was used to sterilize the samples which were prepared for 

biocompatibility testing. The gamma source of the radiation chamber is Cobalt 60 (1.17 MeV 

and 1.33 MeV), the available irradiation dose-rate is up to 4-5 Gy/h. The radiation dose was 

detemined by Fricke dosimeter. 
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4. Results and discussion 

This chapter will introduce the measurements in more detail, with the interpretation 

and conclusions of the results. For each experiment, where detailed experimental data can be 

found in the Appendix (Chapter 7), it will be indicated. 

4.1. Manufacturing and structural characterization of highly porous PCL 

scaffolds

This part of the manuscript aims to introduce the results about the manufacturing, 

structure and properties of highly porous PCL templates. The scope of the chapter is to find 

the best method to obtain 3D porous structures which can be applied as a porous scaffold in 

bone tissue engineering. 

4.1.1. Preparation of PCL scaffolds by electro-spinning 

This subchapter will characterize, mainly structurally, the scaffold (Figure 16) 

obtained by the method of electro-spinning, which was briefly introduced in the previous 

chapter. For the experiments, acetone was used as the primary solvent because of its high 

dielectric constant (21.4) which can enable the fiber formation. The usual additive to increase 

the dielectric constant is the N,N-dimethylformamide (DMF), but for my experiments N,N-

dimethylacetamide (DMAc) was chosen because it is less toxic than DMF [90], but also has 

high dielectric constant (37.8). So, DMAc was added, and after the homogenization of 

solution, scaffold processing was performed.  

Figure 16. SEM picture of the producible highly porous PCL scaffold by electro-spinning 

Table 20 contains the compositions of applied solutions for electro-spinning.  

13 different solutions were prepared. Several independent concentrations were used to 

optimize the solution. Based on the experimental results, DMAc was added to two solutions 
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with different PCL concentrations to determine the dependency on the additive. Furthermore, 

acetone/chloroform mixture was also used, which is not included in the table. 

Table 20. The composition of prepared solutions for electro-spinning 
Density

g ml g ml g ml g/ml
1 1.54 1.35 10.79 13.65 5.66 6.00 0.86
2 1.54 1.35 10.79 13.65 2.83 3.00 0.84
3 1.54 1.35 10.79 13.65 1.42 1.50 0.83
4 1.34 1.17 10.93 13.83 0.00 0.00 0.82
5 1.03 0.90 11.14 14.10 0.00 0.00 0.81
6 0.51 0.45 7.55 9.55 0.00 0.00 0.81
7 0.54 0.47 7.19 9.10 0.00 0.00 0.81
8 0.54 0.47 11.14 14.10 0.00 0.00 0.80
9 0.84 0.73 7.19 9.10 0.00 0.00 0.82

10 0.84 0.73 11.14 14.10 0.00 0.00 0.81
11 1.26 1.10 10.79 13.65 2.83 3.00 0.84
12 1.26 1.10 10.79 13.65 1.42 1.50 0.83
13 1.26 1.10 10.79 13.65 5.66 6.00 0.85

Nr.
PCL Acetone DMAc

The exact processing parameters, which resulted in acceptable scaffolds, are given in 

Table 21. The distance, between the surface of the grounded target and the droplet tip (called 

separation), was either 90 mm or 100 mm. The voltage was varied from 15 to 30 kV.  

Table 21. The setup parameters for electro-spinning with the prepared solutions 
PCL/Acetone DMAc/Solution

w% w%
1 14.29 31.48 90 100 15.0 17.5 20.0 22.5 25.0 30.0
2 14.29 18.68 90 100 15.0 17.5 20.0 22.5 25.0 30.0
3 14.29 10.30 90 100 15.0 17.5 20.0 22.5 25.0 30.0
4 12.22 0.00 90 100 15.0 17.5 20.0 22.5 25.0 30.0
5 9.22 0.00 90 100 15.0 17.5 20.0 22.5 25.0 30.0
6 6.81 0.00 90 100 15.0 17.5 20.0 22.5 25.0 30.0
7 7.48 0.00 90 100 15.0 17.5 20.0 22.5 25.0 30.0
8 4.83 0.00 90 100 15.0 17.5 20.0 22.5 25.0 30.0
9 11.64 0.00 90 100 15.0 17.5 20.0 22.5 25.0 30.0

10 7.51 0.00 90 100 15.0 17.5 20.0 22.5 25.0 30.0
11 11.64 19.04 90 100 15.0 17.5 20.0 22.5 25.0 30.0
12 11.64 10.52 90 100 15.0 17.5 20.0 22.5 25.0 30.0
13 11.64 31.99 90 100 15.0 17.5 20.0 22.5 25.0 30.0

Separation
mm

Voltage
kV

Nr.

Several trials were done to obtain scaffolds, until the processing parameters were 

chosen. Figure 17 shows one trial which lead to the fiber formation; though at an extremely 

low rate. 
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Figure 17. Failed attempt of fiber-formation by electro-spinning 

The observations related to obtained scaffolds were highly dependent on the 

combination of parameters; thus there were several good choices. Figure 18 visualizes the 

typical relationships between the processing parameters.  

In the bottom row, each of the three scaffolds was obtained with 90 mm separation at 

15 kV, but with different PCL concentrations in the solution. From right to left, the 

concentration of the PCL solution was increased. Scaffold 1 was obtained from 7.75w% 

PCL/acetone solution where the fiber diameter was small. The fibers were well-formed; 

however tear-like droplets were characteristic of this scaffold. With increasing PCL 

concentration in the solution, the fiber diameter increased and the efficiency of the fiber 

production decreased.

Scaffold 2 (made of 11.64w% PCL/acetone solution) was chosen for further 

investigation, because both scaffold 1 and 3 had extremely low output ratio. First, the solution 

was modified with DMAc to increase its dielectric constant. One could see that the fiber 

diameter and productiveness were enhanced significantly by increasing the DMAc content. 

The tear-like droplets tended to disappear also. In comparison of scaffold 2 and scaffold 6, the 

produced fiber weight was found to be approximately 10 times higher. 

On the right side of the second row, scaffold 7 is shown, which differs from scaffold 2 

in the separation. The former had a 100 mm separation, while the later had  

90 mm. Scaffold 7 can be thought of as an intermediate between scaffold 1 and scaffold 2, as 

more droplets, and a thinner and more homogenous fiber structure can be seen with scaffold 7 

than scaffold 2. It confirms the observation mentioned above, that, depending on the 

concentration, several advantageous choices can be found, with different manufacturing 

parameters resulting in similar structures.  

Produced

fiber from 

PCL 

solution 
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Figure 18. Obtained PCL scaffold by electro-spinning technique as a function of processing 
conditions
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The voltage caused the most complications, because it had a different influence on the 

scaffold structure depending on the mixture of solutions, and other processing parameters. In 

this case, up to a critical voltage, the fiber diameter increased, and then it started to form 

thinner and thinner fibers.

Based on the experiment described above, the optimal manufacturing parameters are: 

mixture Nr. 13 (in Table 21), Voltage 15 kV, and separation 90 mm. 

Figure 19. Fiber diameter of the processed scaffold obtained by electro-spinning 

The fiber diameter was in the range of 150-10000 nm, depending on the processing 

parameter, and example is shown in Figure 19. The structure shown was obtained from 

4.83w% PCL/acetone solution with 100 mm separation and 20 kV voltage. 

Despite the simplicity of the electro-spinning technology, industrial applications of 

electro-spinning are still relatively rare. This is because of its unresolved drawback; existing 

devices have very low fiber throughput. To try to overcome this problem, chloroform was 

added to the solution. If the same solution and processing parameters as above were applied, 

even a very small amount of chloroform (about 1w%) was sufficient to increase the 

manufacturing efficiency significantly; about 30 or 40 times higher than the pure PCL/acetone 

solution (Figure 20). 

Figure 20. Processed scaffold based on PCL solved in a mixture of acetone and chloroform 
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4.1.2. Preparation of PCL scaffolds by phase-separation  

Pure (used here to mean “without any utilized porogen”) PCL scaffolds were 

synthesized by phase-separation process. The 20 and 25 percent (by weight) PCL/acetone 

solutions were prepared in a shaker bath, shaking at 150 rpm and 37ºC for overnight. The 

homogenous solution was poured into stainless steel tool, and the tool was immersed into 

distilled water. Following the phase-separation process, the structure of obtained scaffolds 

was further investigated. In the Figure 21 the cross-sectional morphology of PCL specimen is 

shown.

The structure is dominated by micropores which are created as a result of phase-

separation evaporation. The micropores – in the range of 10-50 microns – are randomly 

distributed in the structure with high interconnectivity. 

The drawback of the pure sample is that the product is not predictable; the shrinkage 

process is dominated by the homogeneity of the polymer solution, but also depends on the 

speed of processing. Due to these effects, it was impossible to obtain scaffolds for mechanical 

testing which could give a reliable result. The process was modified a little to add sodium 

chloride to the solution, and prepare the scaffold by the particulate leaching technique.

Figure 21. SEM pictures of surface morphology of the pure PCL scaffold (made of
20w% PCL/acetone solution), A: 100x; B: 500x  
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4.1.3. Preparation of PCL scaffolds by particulate leaching techniques 

In the previous subchapters, only microporous scaffolds were able to be obtained. The 

particulate leaching techniques were tested, because they enable an easy control of the pore-

size and porosity by varying the porogen fraction and quantity. In the next two subchapters I 

will overview my results related to the particulate leaching technique, either in combination 

with solvent casting (Chapter 4.1.3.1) or in combination with compression molding  

(Chapter 4.1.3.2). 

4.1.3.1. Preparation of PCL scaffolds by phase separation and particulate leaching 

technique

As a preliminary experiment, different salt fractions were mixed with 20w% 

PCL/acetone solution at a constant weight ratio (60w% of solution and 40w% of NaCl). Four 

salt fractions (grain-size ( ) <63 m; 63<  <125 m; 125<  <250 m; 250< <500 m) were 

used, and their structure was analyzed by optical microscopy (Figure 22).  

In Figure 22A, mainly small pores can be seen with some macropores. The micropore 

resulted from both the phase-separation process and salt leaching as the salt-fraction is in the 

same size range. But in the case of larger salt grains (Figure 22B and Figure 22C) the porosity 

is dominated by macropores, which are resulted from the increasing grains. For example, in 

Figure 22D, only the macropores are visible without any micropores. 

Figure 22. Optical microscopic pictures of PCL scaffolds prepared by phase-
separation/particulate leaching technique made of different salt fractions and 20w% 

PCL/acetone solution. A:  <63 m; B: 63<  <125 m; C: 125<  <250 m;
D: 250<  <500 m
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By scanning electron microscopy (Figure 23A and Figure 23B) similar observations 

can be made, however these pictures indicate that due to the limited resolution and focus 

depth of the optical microscope, it was impossible to see the micropores, yet they are present 

in the system. The wall, between the macropores, is segmented by the micropores. 

Figure 23. SEM picture of salt-leached scaffold (made of 20w% PCL/acetone solution,
and 66w% initial salt); A: 125<  <250 m; B: 250<  <500 m

The same procedure was repeated by using a constant 250< <500 m sodium chloride 

fraction which has been proved in the literature as the most appropriate for the osteoblast cells 

[14]. The amount of porogen was varied. Below 33w% porogen it was impossible to dissolve 

the whole amount, resulting in significantly higher modulus and strength values. However this 

observation also predicts that those implants cannot be utilized for biomedical purposes, as 

the residual salt can cause tissue irritation and inflammatory reactions. The maximum 

utilizable salt content for obtaining a 3D polymeric network is 83w%, because the scaffold 

shows total disintegration during salt leaching above 85w%. The scaffold structure made of 

250< <500 m salt-fraction is shown in Figure 24A and Figure 24B. The former  

(Figure 24A) was made of 50w% NaCl and 50w% PCL/acetone solution (20w% PCL 

concentration in the solution), while the latter (Figure 24B) was made of the same solution, 

but with an initial 83w% salt content. The former scaffold had wide walls with thin porous 

polymeric membranes among the pores. The latter had sharp, thin walls with extremely high 

interconnectivity. In comparison with Figure 22, these samples had different pore geometries, 

indicating that the pore shape can change during the phase separation process due to the 

shrinkage of polymer network. 
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Figure 24. Optical microscopic pictures on the cross-sectional morphology of salt-leached 
scaffold (made of 20w% PCL/acetone solution); initial NaCl content A: 50w%, B: 83w% 

Due to the phase separation process, micropores are visible in the structure that 

increases the probability of total interconnectivity. The micropores allow dissolution of the 

whole amount of pore-forming agent at relatively low salt-contents. The pore shape is 

strongly dependent on the amount of porogen, as at low salt content rather oval pores can be 

observed and at high salt content the shape more resembles the cubic shape of salt crystals. 

In mechanical testing of scaffolds, compressive tests were performed as the most 

relevant load test in the human bones due to their function. The compressive yield strength 

and Young’s modulus were evaluated, based on 50 measurements per points, according to 

ASTM D 1621-94 standard (equivalent to ISO 844). A certain force-displacement diagram 

can be seen in Figure 25. Three regimes, which were introduced in the literature, can be seen 

on the plot, however the difference in the regimes are not as significant as expected. 

Figure 25. Factual stress-strain curve resulted from the compression test of PCL scaffold 
made of initial mixture with 6/4w/w PCL/salt and 20w% PCL/acetone solution 
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In Figure 26, the change of compressive yield strength is plotted as a function of 

porogen content. Bellow initial 40w% sodium chloride, the salt would not dissolve, and it 

resulted in a significant jump of the compressive yield strength. In the case of 33w% initial 

porogen, it is thought to have a high amount of residual salt crystals.  

The average values of compressive Young’s modulus are also plotted as a function of 

porogen (Figure 26). At a porogen content equal to 33 percent by mass, the scaffold had the 

highest modulus; however this value did not differ significantly from the estimated value, as 

in the standard mechanics of cellular solids, the compressive modulus changes as a power 

function of porosity [76]. 

Figure 26. Compressive properties of PCL scaffolds, made of 20w% PCL solution 

Because the average values indicated that the modulus of salt-leached phase-separated 

scaffolds follow the standard mechanics of cellular solids, the compressive modulus was 

plotted as a function of porosity in case of one salt fraction  (250< <500 m) (Figure 27). The 

logarithmic values of compressive Young’s modulus are plotted as a function of the 

logarithmic value of the relative polymer content (in this case the power function would be a 

linear). The diagram indicates that due to inhomogeneity it does not really change as it was 

expected.
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Figure 27. Power-law relationship of scaffolds prepared by
20w% PCL/acetone solution 

The inhomogeneity of the specimen is a result of the phase-separation process, and the 

structure and distribution of the micropores influences the strength and modulus of the 

specimen significantly. 

4.1.3.2. Preparation of PCL scaffolds by compression molding and particulate leaching 

technique

The present subchapter deals with scaffolds prepared by the particulate leaching 

technique just as in the previous subchapter, however in this case it was combined with melt 

mixing and compression molding.  

As a preliminary experiment concerning the compression molded scaffolds, I 

investigated there is a critical salt content below which the interconnectivity of pores is not 

assured, which results in high residual salt content. For the experiments membranes 2.0 mm 

thick and 12.0 mm in diameter were prepared, made of different grain-size fractions of 

sodium chloride. The salt-content used varied from 50 up to 96w%. After sample preparation 

the specimens were immersed in distilled water for two weeks, and after drying the 

measurements were taken. The residual porogen content was measured by an extraction 

method, and the salt weight was determined by simple weight measurements. It was found 

that a critical value of the salt content exists which can make the scaffolds unsuitable for 

surgical applications. The obtained critical salt contents are plotted as a function of grain size  

(Figure 28), and Table 5 shows the estimated porosity value at certain porogen contents.  
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Table 22. Estimated porosity  
as a function of
salt/PCL ratios 

PCL/salt Esitimated 
[w/w] porosity [%]
50/50 34.4
40/60 44.3
30/70 55.3
20/80 67.9
10/90 82.7

Figure 28. The critical initial salt-content of different salt-
fractions

The 250-500 m salt-fraction was chosen to determine the real salt content of the 

mixture and to measure the leaching-time. Scaffolds were also made of 125-250 m,  

250-500 m, and 500-1000 m NaCl fractions to investigate the compressive characteristics 

as a function of pore-size and porosity. 

The compression molding was performed in an open tool which allowed the PCL/salt 

mixture to “flow out” from the tool to some extent during manufacturing. If the PCL content 

is high, the less viscose polymer will flow out (Figure 29A), but if the salt content is high, the 

PCL/salt mixture will “flow out” from the tool (Figure 29B).  

Figure 29. The morphology of the polymer layer after compression molding; A: with high 
PCL content (c.a. 35w%), B: with low PCL content (c.a. 15w%) 

Due to this phenomenon the real salt content may be significantly different from the 

estimated value. The curve below (Figure 30) indicates that the relationship between the 
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systematic error of the real salt content and the estimated composition can be expressed by a 

power-function (equation 11) in the investigated range (salt-content varied from 72 to 96w%).  

66.01062.1 82.65
x

ey , (11) 

where y – the systematic error of the estimated salt-content [w%], x – theoretical salt 

content [w%]. 

For example, with 28.0 g PCL and 72.0 g salt, the difference was 4.82w%, which 

means that the actual mixture was 23.18 g PCL and 76.82 g salt. 

Figure 30. The systematic error of the salt content after compression molding as a function of 
the initial PCL/salt ratio 

Scaffolds, with the same geometry as before, were utilized to measure the salt-

leaching-time. The samples were prepared at different PCL/salt ratios; the salt-content was 

varied from 76 up to 96w%. The solvation of NaCl in water can be described by a first order 

kinetic reaction, but this experiment aimed to understand whether the structure of porous 

polymeric membrane (scaffold) influences the leaching process. The salt-leaching time was 

evaluated by 2 processes, simple weight and energy dispersive spectometry (EDS) 

measurements. The same result was observed by both test methods, indicating the 

equipollence of these methods. Two curves are shown on Figure 31; the right side plots 

increasing porosity as a function of time (red-curve); the left side plots the decreasing value of 

the residual salt (black-curve). 
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Figure 31. The estimation of residual salt content and porosity as a function of time in case of 
compression molded scaffold at 5/45 PCL/salt weight ratio 

The experimental results showed that if the amount of water is significantly higher 

than the required quantity, the salt-leaching goes as a first-order reaction described by 

equations (12-17): 
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where t – time, c0 – original concentration, ct – concentration at t moment, k –speed constant, 

x – amount of the product.  

If equations 18 and 19 are applied to salt leached scaffolds, the equations: 
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where  – salt content at t moment, t – time, t1 and t2  – speed constant dependent on 

concentration and salt-size, (A1- 0) – initial salt content, A2 – porosity of the sample at 

infinite time, 0 – the residual salt content, p – porosity. 

All the investigated compositions are shown on the next plot (Figure 32). This shows 

that the leaching time increases significantly with decreasing salt content; however one day 

was sufficient to leach out the majority of the salt. All the curves consistently tend to zero 

indicating the negligible amount of residual salt. One should notice the salt-content is 

calculated in proportion to the scaffold weight. This is important because if the porosity is 

very high, the sample weight is already very small. 1w% of residual salt would be 

approximately equal to 2 ppm (0.001 g/l). These measurements indicated that the residual 

salt-content did not exceed 3w% (6 ppm). 

A slight change of the speed constant (t1) was observed as a function of the salt 

content, but in all cases the initial content correlates acceptably with A1.

Figure 32. Dependence of speed of salt-leaching on initial salt-content 

The difference in reaction speed constants (t1) is a result of the different sample 

porosities and pore-interconnectivities. 5 hours leaching was enough to dissolve the salt in 

case of high porosities, and c.a. 17 hours were needed in case of lower porosities. Table 23 

contains the parameters to describe the salt-leaching process of the scaffolds, and certain 

experimental data can be found in the Appendix (Table 31, Table 32 and Table 33). 
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Table 23. Dependence of the salt-leaching constants on initial salt content  
in the case of 250< <500 m grain-size 

Salt/PCL ratio A1- 0 t1 0

[w/w] [w%] [w%]
48/2 96.33 1.06 -3.63
46/4 93.86 1.13 -1.16
44/6 88.58 1.30 0.41
40/10 85.44 3.28 0.04
38/12 79.94 5.34 -0.92

The EDS instrument was also used to investigate the relevance of the statement that 

only membranes can be processed by compression-molding/salt-leaching technique [56]. For 

this experiment, cylindrical specimens with different sizes (from 2.0 mm up to 12.0 mm 

height, 12.0 mm in diameter) (Figure 33) were manufactured from PCL/salt mixture which 

contains 4.0 g PCL and 46.0 g salt. This composition was chosen because the scaffold should 

be highly porous, but should have acceptable compressive properties, as well. In previous 

experiments, the more porous scaffolds were found too soft. The EDS spectra were taken after 

one day of leaching. 

Figure 33. Specimens with different sample-heights, made of 5/45w/w PCL/salt mixture

Figure 34 shows samples which had a 12.0 mm diameter and were 10.0 mm in height. 

Figure 34A shows carbon atoms and Figure 34C shows the sodium atoms in the wall before 

the salt-leaching process. The mass measurement correlated well with the corrected value of 

salt-content. The corrected salt-content, of a scaffold made of 92.00w% salt, is 93.86w%  

(Table 23) and the mass measurement gave 92.94 percent. On the right hand-side the same 

atoms are shown after salt-leaching process. Figure 34B indicates that the number of carbon 

atoms did not change (as the PCL is not water soluble) and Figure 34D shows that almost all 

the sodium is dissolved during the leaching process. The measurements indicated 0.5% (by 

weight) sodium chloride after the first day of leaching. 
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Figure 34.  EDS pictures of carbon (C) and sodium (Na) in the cross-section of salt-
leached scaffold with initial 5/45w/w PCL/salt ratio. A: C before salt-leaching,

B: C after leaching, C: Na before leaching D: Na after leaching 

The cross-sectional morphology of a typical scaffold, obtained by compression 

molding at 5.0 g PCL and 45.0 g salt ratio, is shown on the Figure 35. In comparison with 

phase separated scaffolds, the pore geometry differs significantly. In the case of melt-molded 

scaffolds, pore shape correlates well with the salt crystal geometry as during processing the 

molten polymer flows around the salt crystals and cools down; the shape is fixed and finally 

the salt is leached out. In this method the pore geometry is not influenced by the shrinkage 

and warpage of the samples caused by processing. The structure is dominated by macropores, 

as only a few micropores are visible. The images indicate that higher salt content is needed to 

assure interconnectivity with melt-molding than in the case of phase separation, because no 

3D micropore system is created during the manufacturing process which would enable salt to 

be dissolved at the relatively low porogen-contents as in the case of phase-separated scaffolds. 

The Figure 35 represents the cross-cut morphology of the scaffolds which contain 

pores in three different ranges; 125-250 m (Figure 35A), 250-500 m (Figure 35B),  

and 500-1000 m (Figure 35C). It was found that the pore-forming agent undergoes some 

fragmentation during manufacture, resulting in a smaller pore-size than the expected. The 

fragmentation was dependent on porosity and pore-size. If the porogen content was high, the 

cracking effect was more aggressive than at low porogen content, and fragmentation was less 

pronounced in the case of small grain sizes (Figure 35A) than in large grains (Figure 35C). 

This fragmentation changed the scaffold microstructure, which predicts the difference of the 



Manufacturing and structural characterization of highly porous PCL scaffolds  

53

theoretical and experimental data as the pore-size is a function of the porosity and porogen 

fraction, as well.  

Figure 35. SEM picture of compression molded salt-leached scaffold prepared by different 
fraction of sodium chloride having 75% porosity. Prepared by A: 125-250 m,  

B: 250-500 m, C: 500-1000 m grain-size of NaCl 

The scaffolds were characterized by the study of salt-leaching process, and also by 

structural characterization. But in order to fulfill its function the most relevant property is the 

compressive characteristics. In order to identify the relationship between the porosity and the 

compressive characteristics, compression tests were performed on specimens 2.0 mm in 

height and 12.0 mm in diameter at different porosities (in the range of 50-92%). Based on the 

stress-strain curve, compressive characteristics which were defined in Chapter 2, namely the 

yield and densification strength, the Young’s and plateau modulus, the strain of elasticity and 

densification were determined. A factual compression stress-deformation curve is plotted in 

Figure 36. In comparison to Figure 25, the three independent are more dominant behave as the 

typical cellular solids, and the stress-values are significantly higher (approximately 5 times 

higher).
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Figure 36. Factual stress-strain curve resulted from the compression test of PCL scaffold 
having 60 percent porosity 

For the experiments, series of specimens, minimum 140 points in one series, were 

used. The first investigated compressive property was the Young’s modulus. It was analyzed 

as a function of porosity, and showed good correlation to the power-law. It is shown in  

Figure 37, and by the following equations: 

Bp)1(10A

, (20) 

)1(lgBA)lg( p , (21) 

where  – compressive characteristics, such as Young’s modulus, yield strength, etc.,  

p – porosity, A – material constants relating to the compressive Young’s modulus of the bulk 

polymer, B – material constants relating to the pore geometry. The exact parameters of the 

equations are shown in Table 24, and the experimental data can be found in the Appendix 

(Table 18, Table 19 and Table 20). 
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Figure 37. The compressive Young’s modulus as a function of relative polymer amount in 
case of 250-500 m pore-size 

The further compressive characteristics – yield strength, densification strength, and 

modulus of plateau – also correlate acceptably with the power-law (equations 20 and 21). All 

the investigated characteristics are shown for scaffolds having pores in the range of 250-500 

m (Figure 38). The experimental results showed that all the compressive characteristics 

increase with decreasing porosities; however, in theory, the plateau modulus should 

approximate zero if the pores are open. This increasing plateau modulus indicates that if the 

porosity decreases, the pores become closed resulting in decreasing pore-interconnectivity 

decreases. In the closed pores the air pressure starts to increase, which increases the modulus 

of plateau during the compression tests. 

Figure 38. Typical relationship equations between the logarithmic value of the porosity and 
logarithmic values of the compressive characteristics made of the 250-500 m salt grain size
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Table 24 comprises all A and B parameters obtained at different pore sizes. According 

to Gibson’s theory [76] the strain of the elasticity is independent of the porosity. It was found 

that the slope of the plateau modulus and densification strength were only slightly dependent 

on the pore-size, while the Young’s modulus and the yield strength were highly dependent. At 

relatively low pore-size (125-250 m), the slope of yield strength and modulus of elasticity 

had similar values, which predicts that the strain of elasticity is not a function of the porosity, 

while its dependency on porosity became more pronounced with increasing pore-size. 

Table 24. Parameters of the equations between the logarithmic value of the porosity and 
logarithmic values of the compressive characteristics 

salt grain

size [ m]
Compressive

characteristics
R2

Young's modulus 2.56 ± 0.07 2.78 ± 0.13 0.997
Yield strength 1.58 ± 0.05 2.82 ± 0.10 0.999
Modulus of plateau 1.88 ± 0.07 2.46 ± 0.11 0.998
Densification strength 1.74 ± 0.05 2.29 ± 0.08 0.998
Young's modulus 2.34 ± 0.06 2.43 ± 0.11 0.999
Yield strength 1.44 ± 0.06 2.51 ± 0.12 0.992
Modulus of plateau 1.85 ± 0.03 2.40 ± 0.06 0.997
Densification strength 1.74 ± 0.04 2.23 ± 0.06 0.997
Young's modulus 2.11 ± 0.07 2.08 ± 0.12 0.998
Yield strength 1.32 ± 0.05 2.25 ± 0.09 0.997
Modulus of plateau 1.55 ± 0.05 1.95 ± 0.09 0.985
Densification strength 1.52 ± 0.01 1.95 ± 0.03 0.997
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In Figure 39, the yield strength and Young’s modulus are plotted as a function of 

relative polymer content for different salt-fractions. If the porosity is low, the pores should be 

small to have high strength and modulus. If the porosity is high, the pores should be large.  A 

transition occurs between approximately 69 and 79% porosity, where the small pore scaffold 

has the highest modulus and the lowest yield strength. The 250-500 m-pore scaffolds had a 

modulus close to the 500-1000 m-pore scaffold in the case of high porosity, while it had 

modulus close to 125-250 m-pore scaffold in the case of small porosities. Therefore, based 

on the compressive properties, these scaffolds (250-500 m) are thought as the best for bone 

substitutions.
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Figure 39. Young’s modulus and yield strength as a function of relative polymer content in 
case of different pore-size ranges 

To characterize the stress-strain behavior of PCL porous templates it is also necessary 

to understand the relationship between porosity and the strain of elasticity and densification. 

Figure 40 shows the experimental data of scaffolds which have pores in the range of 250-500 

m. A linear equation was fitted to both of the data series, expressed by equation 22: 

opDCS , (22) 

where S – investigated strain value, C,D – constants depending on the pore-size, the pore-

geometry, p0 – porosity. The experimental data can be found in the Appendix (Table 18, 

Table 19 and Table 20). 

Figure 40. Typical relationship between the porosity and the strain values in the case of 
scaffolds made of the 250-500 m salt grain size
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Both the strain values are linear functions of the porosity; however the slope of the 

linear function fitted to the strain of densification and porosity is significantly higher than in 

the case of strain of elasticity. In the case of small pores (125-250 m), the parameter of the 

strain of elasticity (Table 25) is constant following Gibson’s theory; however at a significantly 

(two times) higher value than the suggested value (0.5). The strain of elasticity is independent 

on the porosity, and its value is about 0.105. At the same time, a slight dependence on 

porosity was found in the case of 250-500 m, while it was significant if pores are large  

(500-1000 m).  

The pore-size and porosity dependency of the strain values may be a consequence of 

grain cleavage during the processing. If the porogen content increases, the probability of 

rubbing also increases, resulting in smaller pore-size. This phenomenon is more pronounced 

in the case of large grains. The explanation is partially confirmed by the fact that the strain of 

elasticity converges to one value in case of high porosity, while the difference is more 

significant in case of low porosities. 

Table 25. Parameters of the equations between the porosity and strain values 
salt grain

size [ m]
Strain

characteristics R
2

strain of elasticity 8.83 ± 2.37 0.02 ± 0.03 0.488
strain of densification -9.82 ± 4.29 1.10 ± 0.05 0.987
strain of elasticity 15.72 ± 4.03 -0.07 ± 0.06 -0.863
strain of densification 6.28 ± 3.78 0.91 ± 0.05 0.990
strain of elasticity 24.80 ± 2.04 -0.16 ± 0.03 -0.942
strain of densification 20.39 ± 4.04 0.75 ± 0.05 0.992

C [%] D [%]

250-500   

500 -1000   

125 -250   

The slope of the strain of densification was also dependent on the pore-size. If the 

pore-size increases, its slope decreases. If the slope is high, the pores can close easily, so the 

entrapped gas increases the modulus rapidly. If the slope is low, it means that the pore system 

cannot be closed as easily as before due to the high interconnectivity of the pores. 

The stress-strain map (Figure 41) were prepared on scaffolds prepared by compression 

molding combined with particulate leaching technique made from the  

250-500 m grain-size fraction of sodium chloride. The map was prepared to compare the 

experimental and the calculated results. Based on the map, the same observations can be made 

as above; the strain of elasticity is slightly increasing as the porosity is decreasing. The solid 

line shows the factual result of the compression, while the dashed line is the calculated value. 

The calculated results show very good accuracy especially in the linear elastic regime which 

is the most probable deformation range of the implant applications. This kind of stress-strain 
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maps could be prepared based on the equations (equations 20 and 22) and parameters (Table 

24 and Table 25) in the two other cases, as well. 

Figure 41. Stress-strain map of scaffolds having pores in the range of m

4.1.4. Brief summary of the chapter 

Chapter 4.1 dealt with the processing and structure of scaffolds obtained by three 

independent methods. The first subchapter overviewed the results related to the electro-

spinning of PCL scaffolds. The 2D highly porous nano- and micro-structured webs can be 

obtained with relatively low output. This low output ratio of the process is one of the major 

drawbacks, which can be significantly enhanced by adding either DMAc (to increase the 

dielectric constant and decrease the surface tension of the solution) or chloroform (1w%) 

which modifies the shape of the molecular chains in the solutions, resulting in a significantly 

higher throughput efficiency. However it was possible to obtain 3D scaffolds by laying the 

webs on each other, but after all the effort, it was impossible to produce 3D scaffolds 

efficiently for guided bone tissue engineering, so further investigations, such as mechanical 

characterization, could not be done.

Phase separation was performed with different conditions, but it was impossible to 

obtain macro-pores with reproducible shape and interconnectivity. The present method can be 

applied only for membranes; however they will have only micropores. These materials cannot 

be utilized for bone tissue engineering as the osteoblast cells cannot penetrate the scaffold, so 

the human bony tissue has no space for ingrowth. 
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The most promising results were obtained by particulate leaching techniques. Both the 

phase separated and melt molded scaffolds had high porosity with good interconnectivity. 

Moreover both had macropores which allowed the cells to penetrate. During the compressive 

characterization it was found that the phase separated scaffolds do not follow the power-law; 

however the average value correlates with the result. This phenomenon was explained by the 

inhomogeniety of the scaffold wall structure. The main conclusion was that these scaffolds 

cannot be utilized as bone grafts on their own due to their very limited compressive strength 

and modulus, even though the structural properties would make them applicable [91]. 

The results of melt molded scaffolds showed that the porosity and the pore-size can be 

easily controlled by varying the pore-forming agent. The power-law was found valid for the 

obtained scaffolds, however my experimental data indicates that the strain of elasticity is also 

dependent either on the porosity or on the pore-size. These scaffolds were significantly 

(approximately 4 times) stronger and stiffer than the phase-separated scaffolds. If the porosity 

was approximately 70%, the compressive Young’s modulus still did not exceed 25 percent of 

the minimum value of the trabecular bone, which indicates that further modifications of the 

scaffolds are necessary [92]. 

4.2. Radiation induced changes on PCL samples 

This section is a study of the effect of ionizing radiation on PCL. The main reason to 

look at high energy ionizing radiation is the porosity of the scaffold and the low melting point 

of PCL. Because of these two properties the conventional sterilization processes cannot be 

applied. The first subchapter concerns changes of bulk material, while the second subchapter 

deals with the irradiation of porous samples. 

4.2.1. Investigation of bulk PCL scaffolds modified by e-beam 

To study irradiation, PCL specimens were prepared by compression molding with 3 

geometries (dumb-bell shape samples for tensile tests, 2 kinds of cylindrical specimens for 

compression and compressive creep tests). For investigation of ionizing radiation-caused 

cross-linking or chain-scission, I performed molecular weight measurements by generally 

accepted methods. Two types of molecular weight measurements were performed, viscometry 

and static laser light scattering measurements.  

The viscosity measurements were performed with a dilute solution of PCL in THF. 

The result of the viscosity measurement was plotted in two ways (Figure 42), 
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where t – flow time of the solution, t0 – flow time of the solvent, c – polymer concentration of 

the solution. 

Figure 42. Typical viscosity curve of PCL in THF as a function of concentration 

Both of them are supposed to be linear, but the second one has a lower deviation, so 

was calculated to extrapolate the intrinsic viscosity at 0. The results of non-irradiated PCL 

samples are shown on Figure 42.  

The molecular weights from viscometry and LSI analyses are plotted as a function of 

radiation dose (Figure 43). The irradiation was performed in the presence of air or argon (Ar). 

The results indicate that the molecular weight increases with increasing radiation dose, 

however a slight decrease can be found in case of air atmosphere.  

Figure 43. Changes in molecular weight of PCL investigated by intrinsic viscosity (M  and 
light-scattering measurements (Mw)

The data of samples, which were irradiated in air atmosphere, is presented in Table 26. 

The viscometry suggests that if the irradiation atmosphere is air, the M of PCL does not 
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change below the standard sterilization, 25 kGy dose. If the dose exceeds the 25 kGy, M

begins to increase. The phenomenon can result from the simultaneous chain-scission and 

cross-linking of the molecular chains. In the first stage when a high amount of oxygen is on 

the surface of the sample, peroxides can be created due to radiation, which may shorten the 

molecular chains. If the oxygen is consumed, the cross-linking starts to dominate.  

Table 26. The molecular weight of PCL at different values of irradiation doses 
Radiation dose [kGy] Mw [kDa] M [kDa] 

0 129.5±3.5 95.7±1.3 
5 179.0±9.8 96.8±0.6 
8 - 93.9±1.9 
10 259.1±26.1 93.9±1.7 
15 358.3±14.8 94.0±2.6 
17 - 92.7±4.9 
20 450.5±54.6 93.1±5.2 
25 520.0±55.3 95.2±1.4 
36 - 96.4±1.2 
40 - 104.7±2.8 

The different molecular weight measurements indicate that although the molecular 

chains undergo cross-linking, the distribution of molecular chains is broadening. Similar 

observation was done based on the measurement of radius of gyration (Rg). The chain like 

macromolecules usually form random coils in solution which can be characterized by Rg . The 

dominance of cross-linking over chain-scission is apparent in Figure 44, also. The radius of 

gyration is plotted as a function of radiation dose, which increases as the dose increases. If the 

size of the molecule increases, the polymer undergoes intermolecular cross-linking. 

Figure 44. The radius of gyration as a function of radiation dose; irradiated at different 
temperatures, either in inert or in normal environment 

For mechanical testing three methods were applied. I performed tensile tests to 

investigate the tensile strength and the change of ultimate tensile strain. Based on the 

compressive runs Young’s modulus was calculated. The last mechanical test was the  



Radiation induced changes on PCL 

63

photo-stress method based compressive creep test. All the mechanical properties were tested 

as a function of irradiation dose.

The tensile strength increased with increasing radiation dose. If the dose was high, the 

phenomenon was explained by the cross-linking of the molecular chains, while in case of low 

doses, it was subjected to the formation of non-linear molecular chains due to the 

simultaneous chain-scission and cross-linking. The strength increased by 20% compared to 

the raw material at 200 kGy dose (Figure 45A).

Figure 45. Tensile strength (A) and strain (B) as a function of the irradiation dose 

Beside this benefit, I did not observe such a large decrease of tensile strain as was 

indicated in the literature [82]. The tensile strain was 430% in case of 200 kGy, (Figure 45B), 

approximately 10 times higher than the values given in the literature [83] . 

The next diagram (Figure 46) shows the compressive modulus as a function of 

radiation dose. The tendency is similar to the previous plot. The modulus increased from 160 

to 200 MPa at 200 kGy.

Figure 46. The compressive modulus as a function of the irradiation dose 

A B
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The last serie of measurements was the compressive creep test. For these experiments, 

specimens were used with the indicated geometry (Figure 47). In Figure 48, the non-irradiated 

PCL had the lowest resistance against creep, while the irradiated samples had a notable 

increase with time. All three curves had the same tendency, however the regimes are 

significantly different. In all cases the modulus changes rapidly in the beginning, and are 

resistant to creep. Later the material starts to creep, and at the end of the measurement the 

modulus starts to increase again. 

Figure 47. Picture of fringes during 
compressive creep of PCL 

Figure 48. The compressive creep modulus as a 
function of the irradiation dose 

The non-irradiated PCL sample resisted creep for only a very short time, about  

2-3 seconds. However the irradiated samples, even in case of the standard sterilization dose  

(25 kGy), resisted to the compressive creep up to 1 hour. The changes of the mechanical 

properties of the irradiated samples are easily understood at large doses, where significant 

cross-linking of the material was observed. In the case of low doses the enhancement of the 

properties was dedicated to the formation of non-linear molecular chains as a result of the 

simultaneous cross-linking and chain-scission. 

4.2.2. Investigation of porous PCL scaffolds modified by e-beam 

In Chapters 4.1.3.1 and 4.1.3.2, the pure PCL scaffold was found too soft and weak to 

fulfill its function regardless of the processing technique. The ionizing radiation could be a 

way to increase the strength and modulus of the porous scaffold through the cross-linking of 

the material. Beside the expected enhancement, the ionizing radiation is applicable for the 

sterilization of the product at the same time. The irradiation was performed in air atmosphere 
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from 0 up to 150 kGy doses in a linear accelerator, and the effect of ionizing radiation was 

investigated on scaffolds which were prepared by compression molding/particulate leaching 

technique. The structure of the specimen did not change due to the radiation that is why all 

results related to the structure are valid here as well as Chapter 4.1.3.2. 

The investigation of molecular weight was done as a function of radiation dose  

(Figure 49). In the first regime, the chain-scission was found dominant over the cross-linking, 

more pronounced than in the bulk material. Above35 kGy radiation dose, the porous PCL 

begins to crosslink, while this process in the bulk material starts at about 25 kGy. The Cross-

linking was confirmed by the gel-content measurement, as the gel-phase appears at 69 kGy 

dose (Figure 50). 

Figure 49. Changes of molecular weight of the porous scaffold as a function of irradiation 
dose

The gel-content starts to increase slowly and it does not exceed 15w% at 150 kGy. All 

these together indicate significant chain scission occurring side by side with the cross-linking.  
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Figure 50. Gel content of the irradiated porous specimens as a function of the radiation dose 

These results indicate that the more pronounced degradation, compared to the bulk 

material, at low doses results from the higher surface area and the higher amount of air inside 

the material (inside the pores). 

In the present chapter, as throughout the manuscript, the compressive characteristics 

are thought as the most relevant property of the scaffold. I found that, due to the irradiation, 

(Figure 51) the validity of the power-law does not change, however the material constants 

were not investigated in details in this chapter.  

Figure 51. Compressive Young’s modulus as a function of relative polymer content at 50 kGy 
dose
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Table 27 contains the average values of the compressive Young’s modulus. At high 

porosity the radiation dose does not significantly influence the modulus value; the higher the 

polymer-content is, the higher the modulus enhancing effect of ionizing radiation is. The 

modulus improved if the radiation dose increased.

Table 27. Young’s modulus [MPa] as a function of porosity and radiation dose 

0 kGy 25 kGy 50 kGy 75 kGy 100 kGy 150 kGy

90 0.92 0.99 1.00 1.01 1.04 1.03

85 2.16 2.46 2.55 2.59 2.68 2.78

80 4.03 4.70 4.96 5.06 5.27 5.63

75 6.86 7.78 8.31 8.50 8.90 9.74
70 11.13 11.73 12.66 12.99 13.65 15.24

Porosity
[%]

Compressive Young's modulus [MPa]

Radiation dose

Table 28 contains the average value of yield strength at different porosities and 

different doses. The results indicate that the strength is mainly dependent on the porosity. The 

strength was increased by the ionizing radiation just as was the modulus of elasticity; however 

they differed in tendency. Both modulus and strength were increasing with increasing 

radiation dose. This fact indicates the cross-linking of the molecular chains, as the cross-links 

curb the mobility of the chains.  

Table 28. Yield strength [MPa] as a function of porosity and radiation dose 

0 kGy 25 kGy 50 kGy 75 kGy 100 kGy 150 kGy

90 0.09 0.08 0.09 0.10 0.10 0.11

85 0.26 0.21 0.24 0.24 0.25 0.25

80 0.48 0.41 0.46 0.47 0.48 0.49

75 0.78 0.69 0.78 0.79 0.80 0.82
70 1.17 1.05 1.20 1.21 1.23 1.25

Porosity
[%]

Compressive yield strength [MPa]

Radiation dose

The basic difference, between strength and modulus, was that the modulus was 

increasing at low doses as well as at high doses. At the same time, the strength decreased at 

25 kGy doses, which was followed by a rapid increase between 25 and 50 kGy. Above  

50 kGy strength did not change significantly. This observation confirms the result of 

molecular weight measurements which showed a significant cross-linking above  

35 kGy. Based on this observation, it was concluded that the modulus is highly dependent on 

the shape of the molecular chains (because in the first range the molecular weight decreased 

but the chains started to recombine), while the yield strength is rather dependent on the 
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molecular weight and number of cross-links. The gel-content measurement (extraction) 

confirmed the cross-linking, as I found gel in the system (Figure 50) above a 69 kGy radiation 

dose, which exceeded 15 percent at the 150 kGy radiation dose.  

Gibson [76] suggested that the limit of the linear elasticity is a constant value, not a 

function of porosity, and approximates 0.05 of strain value (5 percent deformation). The value 

found here was definitely higher. The non-irradiated material has a yield point at a 

0.093±0.004 strain value (as was shown in the previous chapter), and it is dependent on the 

radiation dose (Figure 52). The correlation can be expressed by a power-law which could 

have been calculated from the previous two tables as well. The yield strength was only 

slightly dependent on the irradiation dose, while the modulus was significantly dependent. 

Figure 52. The average value of the strain of elasticity as a function of radiation dose 

4.2.3. Brief summary of the chapter 

In this chapter the influence of high energy e-beams was investigated on  

poly( -caprolactone) as a function of radiation dose. In the first subchapter, the induced 

changes on the bulk PCL sample were investigated where the cross-linking was found to be 

dominant over chain-scission, which lead to an improvement of mechanical properties  

[88, 89]. In regards to compressive modulus and tensile strength, I found approximately a 

15% increment [95], which was not associated such a decrease of the tensile strain as was 

written in the literature.  

The second subchapter concentrated on the influence of e-beams on the highly porous 

PCL scaffolds prepared by the compression molding/particulate leaching technique. The 

compressive characteristics were investigated as a function of radiation dose in the linear-

elastic regime. The radiation dose significantly influenced the modulus and strain behavior of 

the polymer foams. The strength was not dependent on the radiation dose, being mainly 

determined by porosity; while the strain of elasticity was only a function of the radiation dose. 
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The modulus was highly dependent on the porosity and also on the dose. As the typical strain 

in the bone is very small, the 150 kGy radiation dose was found the most suitable in my 

experiments, because in the expected strain range this radiation dose resulted in the highest 

modulus value, bringing the properties of synthetic polymer implants closer to those of the 

natural trabecular bone [96]. 

4.3. Synthesis of calcium carbonate containing PCL composite scaffolds 

The current experiments were performed to overcome the main drawback of highly 

porous PCL scaffolds; they were found to be too soft for bone grafts. Beside the mechanical 

enhancement of the calcium carbonate, I did expect that due to the calcium carbonate filling, 

calcium and carbonate would be released, increasing the biocompatibility of the implant 

(which will be discussed in the Chapter 4.4). The present chapter is to summarize the 

manufacturing experiences of calcium carbonate-containing scaffolds, and to characterize 

their structural and compressive characteristics as a function of porosity and filler content.  

4.3.1. Calcium carbonate enhanced scaffold obtained by solvent casting  

In the case of calcite- or aragonite-filled scaffolds, two fabrication methods were 

tested concerning the solution based scaffold processing techniques. The initial procedure was 

based on solvent casting. To the PCL/acetone solutions, different amounts of filler were 

added. The slurry was mixed, then put into a stainless steel tool, and finally dried at 40oC. 

This procedure did not yield materials with the expected properties (see below). Therefore, I 

used phase exchange instead of solvent evaporation. The slurry obtained by mixing PCL 

solution in acetone (20 % or 25 % by weight) with filler was placed in open moulds and 

immersed in water for 12 hours. After that time, the solidified scaffolds were removed from 

the moulds. They were immersed in distilled water for a further 12 hours, and then dried at 

40oC at atmospheric pressure. I used solutions of different concentrations and with different 

filler contents, and investigated the influence of these parameters on the properties of 

scaffolds.  

The amounts of porogen or filler are given as their weight percent in the initial 

substrate mixture.  

SEM analysis was performed of samples obtained by both these methods. In  

Figure 53A and Figure 53B, samples made by solvent casting can be seen. The material 

consists of large particles made of polymer-linked calcite grains, while there is almost no 

continuous polymer matrix between the particles. The particles are much larger than the 
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original single calcite grains (the size of the latter was about 3 m). Lack of interconnection, 

between the particles in the material prepared by this method, resulted in very poor 

mechanical properties. Actually, the material was too weak to be tested for compressive 

strength under our standard experimental conditions.

Figure 53. Cross-section morphology of calcite-filled composite scaffold prepared by solvent 
casting made of 20w% PCL/acetone solution at 33w% calcite content; A: 100x; B: 1000x 

In the case of the phase exchange technique, the morphology is totally different. 

Instead of a non-homogenous structure, I got a continuous polymer-mineral matrix, which is 

shown on the next picture (Figure 54A). No formation of separate large particles was 

observed, the calcite grains are more uniformly dispersed in the polymer matrix, and the 

interfacial connection in these scaffolds is better than previously. On the micron scale  

(Figure 54B) the structure is similar as in the previous case (Figure 53B), and the porous 

structure of the sample can be clearly seen. As a consequence of improved coherency, the 

mechanical properties of these scaffolds are much better.  

Figure 54. The cross-section morphology of calcite-filled scaffold prepared by phase 
exchange made of 20w% PCL solution at 33w%calcite content; A: 100x; B: 1000x 
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Figure 55A and Figure 55B illustrate the structure of samples made by phase exchange 

using the needle-like aragonite crystals. The difference between the samples containing 

different types of fillers is easily seen, especially at higher magnifications. 

Figure 55. The cross-section morphology of aragonite-filled scaffold prepared by phase 
exchange made of 20w% PCL solution at 33w% aragonite content; A: 100x, B: 1000x 

At 100x magnification both samples are homogenous, and the needle-like geometry of 

aragonite crystals can be seen. The stringy structure of the aragonite-polymer system is 

apparent, as is the porous characteristic of the composites. One can see that both calcite and 

aragonite are randomly distributed in the composite, and that the aragonite crystals are 

randomly oriented. This resulted in relatively homogenous mechanical and shrinkage 

properties.

The synthesized samples are microporous. I found the porosity of calcite- and 

aragonite-filled scaffolds to be only slightly dependent on the filler content. The values were 

in the range of 50-60% that is even lower than in filler-free specimens obtained by the same 

method. It seems that the presence of filler influences the phase exchange process to some 

extent. Despite the fact that most of the pores apparently result from the phase exchange, 

some increase in porosity with the filler content seems to indicate that the presence of the 

filler itself at higher contents does contribute to pore formation, probably due to the formation 

of free spaces between the filler particles which are not penetrated by the PCL solution and 

remain void of polymer after the process is completed. Nevertheless, the overall porosity of 

these samples is lower than observed for phase separation/particulate leached scaffolds, where 

both micropores and macropores are formed. 

The composites have been tested for compressive characteristics, as for the salt-

leached scaffolds discussed before. In Figure 56 and Figure 57 the results of calcite powder- 

and aragonite-reinforced scaffolds are presented. For comparison, the data on phase 

separated/salt-leached scaffolds are shown as well. The calcite-grain filled scaffolds have a 
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yield strength of about 0.6-1.0 MPa, and neither the content of filling nor the concentration of 

the solution influenced the results significantly. But I must state that for the 20w% PCL 

concentration in acetone solution there is a maximum (a reproducible feature as tested on 3 

independently synthesized series of samples). The value of this maximum is 2.0 MPa.  

Figure 56. Compressive yield strength of scaffolds obtained by phase separation method 

The aragonite-reinforced scaffolds have a yield strength of 2 MPa level. During daily 

activities, tibial bones are subjected to stress of approximately 4 MPa [88], so these results 

indicate that the strength of these materials is close to the desired values. The increase of 

strength may be resulted from the presence of filler which decreases the mobility of molecular 

chains. Possibly the local maximum value observed for calcite filled samples obtained from 

20w% PCL solutions at 20w% filler was the optimum, and at higher filler content it started to 

aggregate.  

Figure 57. Compressive Young’s modulus of scaffolds obtained by phase separation method 
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The most relevant difference between aragonite-reinforced and calcite-powder filled 

scaffold is shown in Figure 57. We can see that the aragonite-reinforced scaffolds have higher 

compressive Young’s modulus, about 15-25 MPa, which is on average 3-5 times higher than 

the typical modulus of calcite-grain filled samples (only at specific conditions may the latter 

reach 16 MPa). It is evident that the structure of the filler has a pronounced influence on the 

mechanical properties of formed composites, with the fibrous calcium carbonate providing 

stronger reinforcement than the same mineral in the form of grains. Aragonite has the form of 

elongate, needle-like crystals of polygonal cross-section, produced synthetically under 

controlled conditions. Due to their structure, they have higher compressive strength, which 

results in the higher compressive strength of the composite. It would be also expected that a 

better surface to volume ratio in comparison with spherical grains would provide better 

adhesion between the needle-like crystals and the polymer matrix. 

4.3.2. Calcium carbonate enhanced scaffold obtained by melt molding and 

particulate leaching technique 

In Chapter 4.1, the porous PCL scaffolds prepared by compression molding were 

found to be significantly stronger and stiffer than those which were obtained by phase 

separation process. In the previous subchapter, it was shown that the solvent-cast composite 

scaffolds had modulus in the range of 15-25 MPa, approximately 50 percent of the lowest 

value of human trabecular bones. To increase the compressive Young’s modulus and to have 

greater influence on the porosity and pore-geometry, melt-molding of calcium carbonate and 

PCL composite combined with the particulate leaching technique was applied. 30 different 

compositions of PCL, NaCl and CaCO3 (Table 29) were prepared to find the best one for bone 

substitutions. NaCl content is calculated in proportion to the whole mixture by weight percent, 

while the CaCO3 is determined in proportion to the composite. For example, mixture C1 

contained 90.0 g salt, 1.0 g CaCO3 and 9.0 g PCL.
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Table 29. Composition of mixture scaffolds by weight ratios 

C1 C2 C3 C4 C5
C6 C7 C8 C9 C10

C11 C12 C13 C14 C15
C16 C17 C18 C19 C20
C21 C22 C23 C24 C25
C26 C27 C28 C29 C304/6

PCL/CaCO3
70/3075/2580/2085/1590/10

NaCl/Composite

9/1
8/2
7/3
6/4
5/5

During the structural investigation, similar observations were obtained as in  

Chapter 4.1.3.2. This is why the structural analysis is not re-written here in detail. Both 

macro- and micropores were found in these 3D networks. The macropores obtained are a 

result of porogen-leaching; while the micropores result from the decomposition of the calcium 

carbonate, either during the week-long porogen leaching process (calcium carbonate is 

slightly soluble in water) or during manufacturing (as thermal decomposition). The 

micropore-content was found to increase if the filler-content had increased (Figure 58A and 

Figure 58B). 

The interfacial adhesion was found to be acceptable in the case of calcite filled 

composites. On SEM pictures, it was impossible to distinguish between the polymer and filler 

in the case of 10-30w% CaCO3, which suggests that either the mixture is homogeneous or 

only polymer can be found on the surface. The EDS spectra confirmed that the CaCO3 is 

present on the surface, so the filler is well-dispersed in the polymer matrix. If the filler-

content was high (above 40% by weight), calcium carbonate grains were found on the surface, 

which indicates that some filler aggregation can occur. During manufacturing, it was difficult 

to obtain scaffolds made of 50 or 60w% calcite and a high amount of sodium chloride  

(e.g. 90w%), which can be explained by the very high filler content (e.g. amount of polymer 

was about 4w% by the total mass of the mixture in the case of C21 or C26 scaffolds).
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Figure 58. SEM pictures of the cross-cut morphology of highly porous composite scaffolds
A:C30 composition; B: C3 composition, magnification 50x 

The compressive characteristics were investigated as a function of the porosity and 

filler-content. During the compressive tests 100 specimens were prepared at each level of 

filler content, which were utilized for linear fitting; the experimental data can be found in the 

Appendix (Table 21). The Young’s modulus and yield strength were found to be power 

functions of the porosity if the filler-content was low (Figure 59), which means that the power 

law is valid in the case of homogenous mixtures. 

Figure 59. Compressive Young’s modulus and Yield strength as a function of relative 
composite content at different calcium carbonate levels 

During the structural investigation, the aggregation of the calcium carbonate was 

found to influence the mechanical properties as well. Above the critical filler-content the 

enhancing effect of the filler was not as high as one could expect. This phenomenon was 

mildly apparent if the filler content was 40w%, and it became more pronounced if the filler-

content was increased (Figure 60).  
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Figure 60. Compressive Young’s modulus of composite scaffolds 

Due to this phenomenon the compressive strength and modulus was not a power 

function of the porosity; however in the cases of 40 and 50w%, both linear and exponential 

decay fitted acceptably, the coefficient of determination was above 0.98. This means that 

there are transitions between the two (aggregated and non-aggregated) morphologies. Both at 

high and low amounts of the utilized porogen-contents I found significantly lower 

compressive characteristics than expected. At high porogen-content the lower value can be 

explained by the very high filler. For example, mixture C26 contained 90w% NaCl, 6w% 

CaCO3 and only 4w% PCL. This extremely low polymer content could not provide a fully 

interconnected 3D network; and this phenomenon caused the rapid decrease of the mechanical 

properties above a certain level of porogen.

At low porogen-content the lower modulus value may be a result of filler-aggregation. 

If the filler and PCL-content is high (e.g. C30 composition is 70w% NaCl, 18w% CaCO3,  

12w% PCL), the shear-stress during processing is lower than in case of high salt-content, 

which can result in the observed aggregation. The aggregation was partially confirmed by 

SEM as lots of grains were found on the surface of the sample (Figure 61), and a number of 

aggregates were found. 
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Figure 61. Surface of the scaffold containing 60w% CaCO3

If the sodium chloride content is nearly optimal, it does not let the filler create large 

aggregates, which positively influences the strength and modulus. Table 30 contains the data 

for the scaffolds which had the highest strength and modulus at each level of filler content. 

The maximum of the compressive properties was found when filler content was 60w%, even 

if the aggregation occurred.  

Table 30. Compressive modulus and strength at different calcite contents
Calcite
[w%]
10 65.6 ± 2.9 23.1 ± 3.5 1.68 ± 0.42
20 61.7 ± 2.1 32.6 ± 1.3 2.69 ± 0.91
30 62.6 ± 2.6 36.1 ± 0.6 2.59 ± 0.79
40 66.1 ± 4.0 33.8 ± 4.3 1.69 ± 0.34
50 65.6 ± 1.7 41.1 ± 3.4 4.12 ± 1.68
60 65.9 ± 3.3 51.2 ± 1.3 4.48 ± 0.46

Porosity Young's modulus Yield strength
[%] [MPa] [MPa]

Although the logarithmic values of compressive characteristics of the scaffold, which 

contains 60w% CaCO3, were not linear, it still had the highest strength and modulus 

(approximately 51.2 MPa on average) among the compositions investigated. This value is 

higher than the lower limit of the human trabecular bone (50 MPa). During the daily activity 

the average stress does not exceed the 4.0 MPa [88], which shows that 4.5 MPa strength is 

appropriate for replacing the trabecular bone.

4.3.3. Brief summary of the chapter 

In Chapter 4.3.1 the calcium carbonate was found to be an attractive filler of PCL 

scaffolds as it could enhance the compressive properties of the scaffolds significantly. 

Scaffolds were prepared by both solvent-cast and phase-separation techniques. The former 

was found to be unsuitable for obtaining 3D networks, because only large aggregates were 

formed among which no interconnection was found. The later technique was more effective, 
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and these calcite-filled scaffolds had strength in the range of 0.5-2.0 MPa, and modulus in the 

range of 5-8 MPa. These values were approximately 2 times higher than for scaffolds made of 

pure PCL. If needle shape filler (called aragonite) was used, more effective enhancement was 

found. The strength varied from 1.5 to 2.5 MPa, while the modulus ranged around  

20-25 MPa. These were a further 3 times higher; however it was still about half of the 

compressive Young’s modulus of natural trabecular bones [97]. 

In the second subchapter scaffolds were prepared by the melt-mixing/particulate 

leaching technique. Just as in the Chapter 4.1, this technique was found to be more efficient in 

obtaining stiff and strong scaffolds than the phase-separation process. The C30 composite 

(initial composition: 70.0 g NaCl, 18.0 g CaCO3 and 12.0 g PCL) had both the modulus and 

strength in the appropriate range (strength was c.a. 4.5 MPa, while the modulus was c.a.  

51.2 MPa). These results together suggest that this composition and manufacturing process 

may be applicable to create bone grafts which could sufficiently fulfill all the me1chanical 

requirements. 

4.4. Purification and biocompatibility of polymeric implants  

Poly( -caprolactone) is one of the most hydrophobic of the commercially available 

biodegradable polymers. The major drawback is the hydrophobic property of PCL, which is 

known to prevent cell attachment, is pointed out as a critical obstacle for the application of the 

PCL as a bone substitute. Thus, if hydrophilicity as well as bioactivity can be conferred on the 

PCL, the polymer would be better suited for applications as a bioactive and degradable bone 

substitute.

The scope of this subchapter is to investigate the potential purification methods of the 

bulk material, to prepare PCL based scaffolds with various surface characteristics, and to 

study the influence of surface topography and chemical modifications on the growth of human 

osteoblasts.

PCL supplied by Sigma-Aldrich was a chemical-, but not a medical-grade polymer. 

The main physical and chemical properties of chemical and medical grade polymers show 

good matches; however such chemical grade polymers may contain some additional 

substances in order to enhance its stability or/and some residual chemicals from 

polymerization process. These in turn may diminish the biocompatibility of final products 

based on the polymer. As the first step of the biocompatibility tests, the raw material was 

purified by three methods (namely cold washing, hot washing, and acetone-water phase 

separation), and the changes in biocompatibility was monitored. 
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During cold-and hot-washing, the polymer pellets were immersed in either cold (room 

temperature) or hot (70°C) water for 48 hours. The water was continuously stirred, and the 

changes induced in the UV/Vis spectra (tested by Perkin Elmer spectrophotometer) as a result 

of the release of impurities were periodically monitored. During the experiment the same-

nanopure water was used as reference which was used for washing, as well. That is why the 

solved impurities could be detected. The spectra showed only slight change after the first day, 

hence the PCL was purified for one day only. Figure 62A, Figure 62B and Figure 63 clearly 

indicate that commercially available PCL contain some substances which can be removed by 

stirring even in cold water, and that the results of purification depend significantly on time. 

Figure 62. UV/Vis spectra of water after contact with PCL for various periods, (1.0 g PCL in 
19 ml of water, constant stirring), A: 25oC, B: 70oC

Figure 63. UV/Vis spectra of acetone - water mixture after precipitation of PCL with water 
from its solution in acetone (0.5 g PCL in 9.8 g of acetone). For comparison, a spectrum of 

pure acetone-water mixture of the same proportions (9.8 g acetone in 200 ml of water) 

A B



Purification and biocompatibility of polymeric implants 

80

Next the purified 0.5 mm thin films were hot pressed, and 14.0 mm-diameter, round 

shaped specimens were cut for biological tests. The biocompatibility of the specimens was 

evaluated by cell counting in a Bürker chamber (the method was described in the Chapter 3). 

Cell counting showed that the biocompatibility of PCL can be increased significantly by the 

suggested simple methods. The most efficient method was PCL precipitation from acetone; 

however the hot water-washed PCL also had better biocompatibility than the reference 

material (Figure 64). TCPS was used as the reference material, which is developed for tissue 

culturing, and which shows that purified PCL influences the growth of human cells positively.  

Figure 64. Biocompatibility of PCL just after purification 

This biocompatibility test can be utilized for the estimation of toxicity of the material 

but it does not provide any information about the cell adhesion to the surface. To remedy this, 

SEM (Figure 65A) and fluorescent microscopes (Figure 65B) were utilized to analyze cell 

adhesion. This method confirmed qualitatively that a number of cells were attached to the 

surface, so the bony tissues can grow in and penetrate the scaffold. 
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Figure 65. Cell adhesion to the PCL surface by two different microscopic techniques,  
A: scanning electron microscope; B: fluorescent microscope 

The biocompatibility of pure PCL samples was investigated, but there was no room for 

testing of porous templates. Prior to the biocompatibility tests the specimens were immersed 

into foetal calf serum for one day to coat the implant surface. Crystal deposition (Figure 66) 

on the implant surface was found after coating. The EDS measurements showed that sodium, 

chloride and potassium were deposited on the surface. The amount was approximately 10w% 

(Figure 67), which suggests that if a small amount of residual salt remains in the porous 

scaffold, it will not kill the cells, and may even enhance cell adhesion. But high residual salt-

content could kill the cells, and cause inflammatorial reactions. 

Figure 66. Crystal deposition 
on PCL sample surface 

Figure 67. EDS spectrum of the PCL sample after coating in 
foetal calf serum for one day 

CaCO3 and PCL composite films were prepared in order to confirm that calcium 

carbonate may also improve the biocompatibility of the pure polycaprolactone as well as its 

compressive properties. According to the literature, the calcium carbonate slowly decomposes 

at pH 7.4, and calcium and carbonate is released, which can accelerate cell growth. 
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Figure 68. Biocompatibility of calcium carbonate filled scaffolds compared to the non-
modified PCL 

However, while my aim was not to confirm this theory, cell counts showed that if the 

calcium-content increases on the surface, the cell growth increases significantly. In case of  

50w% calcium carbonate the cell number was nearly 3 times higher than in case of pure PCL 

(Figure 68). This means that not only are the mechanical properties of such composites more 

advantageous than PCL samples, but so is the biocompatibility 
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5. Summary 

5.1. Summary of the PhD dissertation 

Chapter 4.1 dealt with the processing and structure of scaffolds obtained by three 

independent methods. Its first subchapter overviewed the results related to the electro-

spinning of PCL scaffolds. The highly porous nano- and micro-structured scaffolds can be 

obtained with relatively low output. This low output ratio of the process is one of the major 

drawbacks, which can be significantly enhanced by adding either DMAc (to increase the 

dielectric constant and decrease the surface tension of the solution) or chloroform (1w%) 

which modifies the shape of the molecular chains in the solutions, resulting in a significantly 

higher throughput efficiency. However by laminating the 2D wets a 3D scaffold was possible 

to obtain, but after all the effort, it was impossible to produce effectively 3D scaffolds for 

guided bone tissue engineering, so further investigations, such as mechanical characterization,

could not be done.

Phase separation was performed with different conditions, but it was impossible to obtain 

macro-pores with reproducible shape and interconnectivity. This method can be applied only 

for membranes; however they will have only micropores. These materials cannot be utilized 

for bone tissue engineering as the osteoblast cells cannot penetrate the scaffold, so the human 

bony tissue has no space for ingrowth. 

The most promising results were obtained by particulate leaching techniques. Both the solvent 

cast and melt molded scaffolds had high porosity with good interconnectivity. Moreover both 

had macropores which allowed the cells to penetrate. During the compressive characterization 

it was found that the solvent cast scaffolds do not follow the power-law; however the average 

value correlates with the result. This phenomenon was explained by the inhomogeniety of the 

scaffold wall structure. The main conclusion was that these scaffolds cannot be utilized as 

bone grafts on their own due to their very limited compressive strength and modulus, even 

though the structural properties would make them applicable [91]. 

The results of melt molded scaffolds showed that the porosity and the pore-size can be easily 

controlled by varying the pore-forming agent. The power-law was found valid for the 

obtained scaffolds, however my experimental data indicates that the strain of elasticity is also 

dependent either on the porosity or on the pore-size. These scaffolds were significantly 

(approximately 4 times) stronger and stiffer than the solvent-cast scaffolds. If the porosity was 

approximately 70%, the compressive Young’s modulus still did not exceed 25 percent of the 
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minimum value of the trabecular bone, which indicates that further modifications of the 

scaffolds are necessary [92]. 

In the Chapter 4.2, the influence of high energy e-beams was investigated on  

poly( -caprolactone) as a function of radiation dose. In its first subchapter, the induced 

changes on the bulk PCL sample were investigated where the cross-linking was found to be 

dominant over chain-scission, which lead to an improvement of mechanical properties  

[88, 89]. In regards to compressive modulus and tensile strength, I found approximately a 

15% increment [95], which was not such a decrease of the tensile strain as was written in the 

literature.  

The second subchapter concentrated on the influence of e-beams on the highly porous PCL 

scaffolds prepared by the compression molding/particulate leaching technique. The 

compressive characteristics were investigated as a function of radiation dose in the linear-

elastic regime. The radiation dose of the sterilization process signifiacntly modified the 

modulus and strain behavior of the polymer foams. The strength was not dependent on the 

radiation dose, being mainly determined by porosity; while the strain of elasticity was only a 

function of the radiation dose. The modulus was highly dependent on the porosity and also on 

the dose. As the typical strain in the bone is very small, the 150 kGy radiation dose was found 

the most suitable in my experiments, because in the expected strain range this radiation dose 

resulted in the highest modulus value, bringing the properties of synthetic polymer implants 

closer to those of the natural trabecular bone [96].

In Chapter 4.3 calcium carbonate was utilized to improve the mechanical properties of 

such cellular solids in the linear elastic regime, bringing closer the mechanical properties of 

human trabecular bones and synthetic bone grafting materials. In Chapter 4.3.1, the calcium 

carbonate was found to be an attractive filler of PCL scaffolds as it could enhance the 

compressive properties of the scaffolds significantly. Scaffolds were prepared by both 

solvent-cast and phase-separation techniques. The former was found to be unsuitable for 

obtaining 3D networks, because only large aggregates were formed among which no 

interconnection was found. The later technique was more effective, and these calcite-filled 

scaffolds had strength in the range of 0.5-2.0 MPa, and modulus in the range of 5-8 MPa. 

These values were approximately 2 times higher than for scaffolds made of pure PCL. If 

needle-like filler (called aragonite) was used, more effective enhancement was found. The 

strength varied from 1.5 to 2.5 MPa, while the modulus ranged around  

20-25 MPa. These were a further 3 times higher; however it was still about half of the 

compressive Young’s modulus of natural trabecular bones [97]. 
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In the second subchapter scaffolds were prepared by the melt-mixing/particulate leaching 

technique. Just as in the Chapter 4.1, this technique was found to be more efficient in 

obtaining stiff and strong scaffolds than the phase-separation process. The C30 composite 

(initial composition: 70.0 g NaCl, 18.0 g CaCO3 and 12.0 g PCL) had both the modulus and 

strength in the appropriate range (strength was c.a. 4.5 MPa, while the modulus was c.a.  

51.1 MPa). These results together suggest that this composition and manufacturing process 

may be applicable to create bone grafts which could sufficiently fulfill all the mechanical 

requirements. 

 The Chapter 4.4 was to prove the possibility of purification and the applicability of 

such materials by experimental methods. In its first part, the purification process was 

investigated by UV/Vis measurements, and it was found both hot-wash and acetone/water 

exchange of poly-caprolactone pellets could be utilized to remove impurities. The biological 

experiments showed that the biocompatibility of such purified PCL films was significantly 

better than the raw material; furthermore it was at the same level as the tissue culture 

polystyrene.

In second part of the chapter, the developed composite system was analyzed whether the 

biocompatibility could fulfill the requirements. The biocompatibility of composites was found 

significantly better than those pure PCL films, which suggests that these composites could be 

an appropriate candidates for bone regeneration. 

5.2. Hungarian summary of the dissertation - Az értekezés összefoglalása 

A kutatás és a dolgozat célja olyan csontpótló anyag kifejlesztése, melynek nyomó 

igénybevételi jellemz i megközelítik a természetes szivacsos csontállomány vonatkozó 

paramétereit, ugyanakkor megfelel  biodegradációs és biokompatibilitási tulajdonságokkal 

rendelkezik. Kísérleteimben poli( -kaprolaktont) (PCL), mint felszívódó mátrix anyag, és 

kalcium karbonátot, mint er sít  anyagot használtam.  

Nagy porozitású, PCL vázanyagot állítottam el , három független 

gyártástechnológiával. A feldolgozás paramétereinek hatását, illetve az el állított vázanyagok 

szerkezeti és nyomó igénybevételi jellemz it vizsgáltam. Elektromos szálhúzással gyártott  

2 dimenziós, nano,- és mikró-szerkezet  hálók rétegezésével, 3 dimenziós próbatesteket 

hoztam létre. Ennek az eljárásnak a legjelent sebb hátránya a termelékenység. Kísérleteim 

során arra a következtetésre jutottam, hogy a szálhúzási hatékonyság jelent sen javítható az 

oldat dielektromos konstansának növelésével, a felületi feszültség csökkentésével, illetve az 

oldószer-keverék megfelel  megválasztásával. Ez a technológia azonban a jelent s
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(30-40-szeres) hatékonyság-növekedés ellenére sem alkalmas nagyméret  termékek 

gyártására, ezért mechanikai tulajdonságok vizsgálatára ebben az esetben nem került sor.  

A fázis-szeparációs eljárás nagyméret , 3 dimenziós vázanyagok gyártására alkalmatlannak 

bizonyult. A technológia membránok gyártására ugyan alkalmas, nagyméret  csontpótló 

implantátumok készítésére azonban nem. Az eljárásnak további hátránya, hogy az így gyártott 

membránok csak mikrópórusokkal rendelkeznek. Emiatt az implantátum felületén, valamint 

annak pórusaiban a csontépít  sejtek nem tudnak megtelepedni, így a csontszövet nem tud 

regenerálódni. A membránok szerkezeti sajátosságai miatt mechanikai vizsgálatokat ebben az 

esetben sem végeztem.  

A legbiztatóbb eredményeket a részecske kioldásos technológiával értem el. Mind a fázis-

szeparációs, mind az ömledékes feldolgozáson alapuló technológia nagy porozitású 

vázanyagok gyártását tette lehet vé. Ennél az eljárásnál a pórusok között a makrópórusok is 

megjelentek, amelyek már szerkezetileg alkalmasak funkciójuk betöltésére. A fázis-

szeparációs technológiával készített vázanyagok rendkívül alacsony szilárdsággal és 

merevséggel rendelkeztek, nehezen elképzelhet , hogy ezek csontpótló anyagokként 

alkalmazhatóak lennének. Az ömledékes feldolgozással el állított vázanyagok nyomó 

igénybevételi jellemz inek meghatározása során érvényesnek találtam a hatvány-törvényt (a 

mechanikai tulajdonságok a porozitás hatvány függvényei), és pontosítottam a jelenséget leíró 

összefüggéseket. A PCL vázanyag szilárdsága és modulusa jelent sen megnövekedett, amely 

el revetítette, hogy ez a gyártástechnológia alkalmas lehet olyan termékek gyártására melyek 

megfelelnek az azokat ér  mechanikai igénybevételeknek. Azonban az el állított termékek 70 

százalékos porozitás mellett mindössze 10 MPa érték  nyomó rugalmassági modulussal 

rendelkeztek, amely meg mindig nem érte el a természetes szivacsos csontállomány hasonló 

modulusának az egynegyedét. 

A dolgozatban vizsgáltam az ionizáló sugárzás hatását a PCL-ra, mert a PCL alacsony 

olvadás pontja, illetve a vázanyagok porózus szerkezete miatt más sterilizálási eljárás nem 

jöhet szóba. Bár a standard sterilizálási sugár dózis 25 kGy, de vizsgálataimat kiterjesztettem 

lényegesen nagyobb dózis értékekre is, annak reményében, hogy ezáltal javíthatom a PCL 

mechanikai tulajdonságait. A kísérletekhez tömör, illetve porózus próbatesteket használtam. 

Mindkét esetben azt állapítottam meg, hogy a felület, illetve a pórusok morfológiai jellemz it

a sugárzás nem befolyásolja.  

Tömör próbatesteken végzett vizsgálataim bizonyították, hogy a keresztkötések képz dése

dominál a molekulalánc-tördel désén, amely jelenség a mechanikai tulajdonságok jelent s
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javulásához vezet. Mind a nyomó rugalmassági modulus, mind a húzószilárdság esetén 

mintegy 20% javulást értem el, 200 kGy sugár dózis alkalmazása mellett.  

Továbbiakban a porózus vázanyagok nyomó igénybevételi jellemz it vizsgáltam a sugár 

dózis függvényében. Azt tapasztaltam, hogy az ionizáló sugárzással történ  sterilizálás  

(25 kGy) nem változtatja jelent sen a vázanyagok tulajdonságát. Azonban a sugár dózis 

növekedésével megindul a keresztkötések képz dése, ami a nyomó igénybevételi jellemz k

javulását eredményezi. Vizsgálataim alapján kijelenthet , hogy a vizsgált anyagok 

folyáshatára független volt a sugár dózis mértékét l, azonban a rugalmassági modulus 

jelent sen növekedett az ionizáló sugárzás hatására. Mivel a tipikus deformációs értékek 

nagyon kicsinyek az emberi csonton belül, ezért a 150 kGy sugár dózis tekinthet  a 

legalkalmasabbnak az elvégzett kísérletsorozatból, mert ebben az esetben mértem a 

legmagasabb a nyomórugalmassági modulust, s így a polimer vázanyag és a természetes 

csontállomány közti különbség – mechanikai jellemz k tekintetében - jelent sen csökkent. 

A kísérleteim harmadik részében polikaprolakton és kalcium karbonát alapú 

kompozitok el állításával, illetve a gyártható porózus vázanyagok tulajdonságainak 

vizsgálatával foglalkoztam Bemutattam, hogy kalcium karbonát (CaCO3) jelent s mértékben 

javítja a csontpótló anyag nyomószilárdságát, illetve a nyomórugalmassági modulusát a 

lineárisan rugalmas tartományban.   

Porózus kompozit vázanyagok el állítása érdekében (PCL-b l és CaCO3–ból) oldat-öntéses 

és fázis-szeparációs eljárásokat alkalmaztam (két kristályszerkezet: kalcit, aragonit). Az 

els ként alkalmazott technológia alkalmatlan volt egybefügg , homogén kompozit 

szerkezetek gyártására, mivel nagy aggregátumok keletkeztek, amelyek között nem volt 

kapcsolat. Ez a szerkezeti inhomogenitás a mechanikai tulajdonságok drasztikus romlását 

(csökkentését) eredményezte. A következ , fázis-szeparációs eljárás homogén, jó mechanikai 

tulajdonságokkal rendelkez , porózus anyagot eredményezet, amelynek a nyomószilárdsága 

0,5-2,0 MPa, illetve nyomórugalmassági modulusa 5-8 MPa tartományokban változott. Ezek 

a jellemz k közel kétszeresen meghaladták a hasonló technológiával készített tiszta PCL 

alapanyagú vázanyag nyomási anyagjellemz it. Aragonit töltés alkalmazás esetén úgy a 

nyomószilárdság (1,5-2,5 MPa), mint a rugalmassági modulus (20-25 MPa) tovább 

növekedett. Bár ez további háromszoros javulás a kiinduló értékekhez képest, de még mindig 

nem haladja meg a természetes csontállomány nyomó rugalmassági modulusának az 50 

százalékát. 

Ömledékes feldolgozással 30 különböz  összetétel  kompozitot állítottam el . A minták 

nyomóvizsgálata során azt tapasztaltam, hogy a C30 jelzés  kompozit (kezdeti összetétele: 
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70.0 g NaCl, 18.0 g CaCO3 és 12.0 g PCL) nyomószilárdsága (4,5 MPa) és nyomó 

rugalmassági modulusa (51,1 MPa) meghaladta a természetes szivacsos csontállomány alsó 

határértékét (2,5 MPa szilárdság és 50 MPa modulus). Következtetésképpen kijelenthet ,

hogy ez a gyártástechnológia, fenti összetétel  polimer kompozit esetén olyan csontpótló 

anyagot eredményez, amely kielégíti a vele szemben felmerül  összes mechanikai 

kritériumot. 

 A kutatómunkám során kifejlesztett polimer kompozit anyag biokompatibilitásának 

vizsgálatára sejtszámlálási és elektronmikroszkópos vizsgálatokat végeztem. Az eredmények 

igazolták, hogy a CaCO3 képes jelent sen javítani az anyag biokompatibilitását, így munkám 

során sikerült a jelenleg megvásárolható orvosi anyagnál minden szempontból jobb polimer 

kompozitot kifejlesztenem. 

5.3. Theses 

The results are summarized in the theses below [91-97]: 

1. I have proven with measurements of cylindrical specimens – being 12.0 mm in 

height and 2.0 mm in diameter, made of mixture of poly( -caprolactone) and  

250-500 m fraction of sodium chloride – that the porous polymeric structure does 

not change the describing equation of the solvation. The salt-leaching process can be 

expressed by (T1) equation, similarly to the diffusion, with R2=0.99 coefficient of 

determination: 

0
t

t

01 e)(A 1

, (T1) 

 – salt content at t moment, t – time, t1 – speed constant dependent on concentration 

and salt-size, (A1- 0) – initial salt content, A2  – porosity of the sample at infinite 

time, 0 – the residual salt content, p – porosity. 

2. Poly( -caprolactone) based scaffolds were prepared, made of different salt fractions  

(125-250 m, 250-500 m, and 500-1000 m), with porosity in the range of  

50-92%. I have made additional observations to understand and make more accurate 

the (T2) equation, which is known from the literature, and describes the relation of 

mechanical properties and porosity. 
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,)1(10 BA
el pE  (T2) 

where Eel – compressive Young’s modulus of the cellular solid, A – material 

dependent constant, B – porogen dependent constant, p – porosity.

A.

Based on my experimental data, I have determined the A value of the utilized 

PCL. 

I have shown that the literati exhibitor values (B=2, B=2,59), concerning to 

cellular solids which have cubic shape pores, are not valid for the foams 

obtained by compression molding and particulate leaching. I have proven that 

there is an inverse relation between the porogen-size and the K2 values. 

B.

I have modified the known equations, which describe the stress-strain behavior of 

cellular solids, to characterize the PCL foams, which have pores in the range of 250-500 m, 

more accurately. 

 )1lg(512.2437.1)lg( pel , (T3) 

where el – compressive yield strength, p – porosity. 

 )1lg(427.2344.2)lg( pEel , (T4) 

where el – compressive Young’s modulus. 

)1lg(402.2853.1)lg( pE plateau , (T5) 

where plateau – compressive plateau modulus. 

 )1lg(232.2736.1)lg( pd , (T6) 

where d – compressive densification strength. 

pel 066.0718.15 , (T7) 

where el – compressive linear elastic deformation. 

pd 913.0280.6 , (T8) 

where d – compressive densification deformation. 

I have pointed out that the foam, which has pores in the range of 250-500 m, is the 

best choice for bone tissue engineering. 
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3. I have proven with experiments that the molecular chains of porous PCL samples do 

not change below the standard sterilization (25 kGy) dose. I have shown that if the 

radiation dose is above 50 kGy, the molecular chains creates cross-links (dominates 

on chain-scission), which results in an increment of the molecular weight, 

compressive strength and modulus of PCL compared to the non-irradiated samples.  I 

have pointed out that the best radiation dose was the 150 kGy during the experiment, 

because the Young’s modulus was the highest in this case, approximately 130 

percent of the raw-material.  

4. To improve the efficiency of reconstructive bone grafting operations, I have 

developed a novel polymer – inorganic composite material which has static 

compressive properties similar to the natural trabecular bones. I have proven with 

measurements that composite scaffolds made of 60w% of calcium carbonate and 

40w% of poly( -caprolactone), which have 60% porosity, have 4.5 MPa compressive 

yield strength, and 51.1 MPa compressive Young’s modulus. Cell numbering 

experiments has proven that not only the mechanical properties, but also the 

biocompatibility of such composite materials is more advantageous than the pure 

PCL, which is currently used in biomedical applications. 

5.4. Theses in hungarian – Tézisek 

Munkám során az alábbiakban megfogalmazott tézisek születtek [91-97]: 

1. tézis

A sókristályok polimer mátrixból történ  kioldási folyamatának vizsgálata során 

mérésekkel igazoltam, hogy a 250-500 m szemcseméret  sókristály és a poli( -kaprolakton) 

keverékéb l gyártott, 12 mm átmér j , 2 mm magasságú hengeres próbatestek esetén a só 

kioldódási folyamat a diffúziós törvénynek megfelel en a (T1) összefüggéssel közelíthet ,

R2=0,99 négyzetes korrelációs együttható mellett: 

0
t

t

01 e)(A 1 , (T1) 

ahol  –só koncentráció t id pillanatban, (A1- 0) – kioldható só mennyiség, 0 – maradó só-

mennyiség, t1 – só koncentrációtól függ  reakcióállandó, t – id .
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2. tézis

A poli( -kaprolakton) (PCL) alapanyagú 125-250 m, 250-500 m, illetve  

500-1000 m pórusméret , 50-92%-os porozitású habok mechanikai tulajdonságainak 

vizsgálata során a (T2) általánosan ismert összefüggés érvényességével kapcsolatban 

kiegészít , illetve pontosító megállapításokat tettem. 

,)1(10 BA
el pE  (T2) 

ahol Eel – nyomórugalmassági-modulus, A – alapanyag-függ  konstans, B – pórusképz -

függ  érték, p – porozitás.

A.

Mérési eredményeim alapján meghatároztam az általam használt PCL-re 

vonatkozó „A” anyagjellemz  értékét, illetve rámutattam, hogy a pórus 

mérett l is jelent sen függ.

Kocka alakú pórusokat tartalmazó habok esetén kimutattam, hogy az 

irodalomban megállapított hatványkitev  (B=2, B=2,59) konstans értékek az 

általam el állított kompozitoknál nem érvényesek. Bizonyítottam, hogy a 

szemcseátmér  és a B anyagjellemz  között fordított arányosság áll fenn. 

B.

Módosítottam, az irodalomból ismert, a nyomó feszültség-deformáció görbe 

karakterisztikus pontjait leíró egyenleteket (T3-T8) a 250-500 m pórusokat tartalmazó PCL 

habok pontosabb leírása érdekében. 

 )p1lg(512,2437,1)lg( el , (T3) 

ahol el – nyomó folyáshatár, p – porozitás. 

 )p1lg(427,2344,2)Elg( el , (T4) 

ahol el – nyomórugalmassági modulus. 

)1lg(402,2853,1)lg( pE plateau , (T5) 

ahol plateau – nyomó plató modulus. 

)1lg(232,2736,1)lg( pd , (T6) 

ahol d – nyomó denzifikációs szilárdság. 

 p066,0718,15el , (T7) 

ahol el – nyomó lineáris rugalmas deformáció. 
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pd 913,0280,6 , (T8) 

ahol d – nyomó denzifikációs deformáció. 

Rámutattam, hogy csontpótlás szempontjából a 250-500 m-es pórusokkal rendelkez

habok az ideálisak. 

3. tézis

Kísérletekkel bizonyítottam, hogy a porózus vázanyagok sterilizálására el írt

szabványos sugárdózis (25 kGy) hatására a poli( -kaprolakton) molekula tömege nem 

változik szignifikánsan. Kimutattam továbbá, hogy 50 kGy-nél nagyobb sugárdózis hatására 

megindul a keresztkötések képz dése, ami a molekulaláncok tömegének növekedését, illetve 

a termék mechanikai tulajdonságainak javulását eredményezi a besugározatlan anyaghoz 

képest. Megállapítottam, hogy 150 kGy sugárzás érték esetén az anyag nyomórugalmassági-

modulusa közel 30%-kal növekszik a kiindulási értékhez képest, azonban a kritikus 

deformáció (a lineáris rugalmas tartomány határa) azonos mértékben csökken.

4. tézis

Rekonstrukciós csontpótlási eljárások hatékonyságának javítása érdekében 

kifejlesztettem egy olyan újszer , polimer alapanyagú, inorganikus er sítés  kompozitot, 

amely a szivacsos csontállomány statikus nyomási mechanikai jellemz it megközelíti, 

lehet vé téve nagyobb méret  csontpótlások alkalmazását. Méréseim során megállapítottam, 

hogy a 60% porozitású, 40 tömegszázalékban poli( -kaprolakton)-t (PCL) és 60 

tömegszázalékban kalcium karbonátot tartalmazó kompozit anyag 4,5 MPa 

nyomószilárdsággal, és 51,1 MPa átlagos nyomó rugalmassági modulussal rendelkezik. 

Sejtszámlálási vizsgálatokkal bizonyítottam, hogy nem csak mechanikai, de biológiai 

szempontból is el nyösebb a kifejlesztett kompozit, mint a jelenleg is alkalmazott PCL 

alapanyag. 
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5.5. Tasks to be solved 

The present PhD dissertation was to initiate the development of highly porous 

polymeric structures to decrease the regeneration time of human bony tissues, and develop a 

porous template for tissue engineering. The dissertation dealt with the mechanical 

requirements of material, and some basic experiments related to the biological aspects. 

To finalize the developed product, two properties have to be investigated. The 

biodegradation of porous templates and the biocompatibility of such composites have to be 

understood.

Biodegradation tests are needed to analyze the influence of the porosity on the 

degradation time and kinetic. The result of such tests might demonstrate that the degradation 

time of such products may be appropriate for these purposes. The present experiments could 

be carried out according to the ISO standards. With respect to PLLA implants, it may also be 

applied, as their degradation is very similar. 

The biocompatibility has to be investigated as all biomedical products have to be 

highly biocompatible, free of any inflammatorily reactions. To prove the applicability of such 

scaffolds, not only cell culture based tests, but also animal experiments have to be carried out. 

Based on the biodegradative and biocompatibility results there would be room for 

simulating the degradation and resorption kinetic of the process, and based on these factors, 

such composite scaffolds may be manufactured which could fulfill the desired function 

properly.
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7. Appendix – Porosity and compressive properties of porous scaffolds 

Table 31. Salt leaching data of scaffolds having 96/4 and 92/8 salt/PCL weight ratios 
Salt / PCL ratio Leaching Initial Residual Salt / PCL ratio Leaching Initial Residual

[w/w] time [h] [w/w] time [h]

96/4 0.25 0.360 0.080 92/8 0.25 0.390 0.099

96/4 0.25 0.404 0.202 92/8 0.25 0.425 0.141

96/4 0.25 0.385 0.137 92/8 0.25 0.415 0.198

96/4 0.5 0.396 0.029 92/8 0.5 0.414 0.115

96/4 0.5 0.345 0.062 92/8 0.5 0.370 0.067

96/4 0.5 0.377 0.015 92/8 0.5 0.411 0.084

96/4 0.75 0.406 0.016 92/8 0.75 0.402 0.113

96/4 0.75 0.395 0.033 92/8 0.75 0.430 0.149

96/4 0.75 0.407 0.032 92/8 0.75 0.437 0.046

96/4 1 0.365 0.016 92/8 1 0.417 0.046

96/4 1 0.377 0.017 92/8 1 0.412 0.065

96/4 1 0.371 0.018 92/8 1 0.411 0.122

96/4 1.5 0.356 0.019 92/8 1.5 0.413 0.036

96/4 1.5 0.385 0.015 92/8 1.5 0.407 0.031

96/4 1.5 0.394 0.017 92/8 1.5 0.405 0.045

96/4 2 0.381 0.024 92/8 2 0.409 0.034

96/4 2 0.380 0.019 92/8 2 0.379 0.026

96/4 2 0.406 0.024 92/8 2 0.386 0.026

96/4 4 0.393 0.016 92/8 4 0.428 0.039

96/4 4 0.365 0.018 92/8 4 0.448 0.039

96/4 4 0.416 0.017 92/8 4 0.438 0.031

96/4 6 0.417 0.018 92/8 6 0.378 0.029

96/4 6 0.406 0.014 92/8 6 0.386 0.028

96/4 6 0.344 0.014 92/8 6 0.398 0.037

96/4 12 0.353 0.016 92/8 12 0.388 0.027

96/4 12 0.410 0.014 92/8 12 0.412 0.035

96/4 12 0.344 0.013 92/8 12

96/4 24 0.404 0.014 92/8 24 0.399 0.034

96/4 24 0.422 0.015 92/8 24 0.416 0.037

96/4 24 0.363 0.015 92/8 24

weight [g] weight [g]



Appendix – Porosity and compressive properties of porous scaffolds 

xi

Table 32. Salt leaching data of scaffolds having 88/12 and 80/20 salt/PCL weight ratios 
Salt / PCL ratio Leaching Initial Residual Salt / PCL ratio Leaching Initial Residual

[w/w] time [h] [w/w] time [h]

88/12 0.25 0.423 0.207 80/20 0.25 0.424 0.263

88/12 0.25 0.418 0.149 80/20 0.25 0.513 0.257

88/12 0.25 0.425 0.151 80/20 0.25 0.386 0.231

88/12 0.5 0.406 0.318 80/20 0.5 0.412 0.174

88/12 0.5 0.435 0.128 80/20 0.5 0.490 0.196

88/12 0.5 0.427 0.197 80/20 0.5 0.497 0.165

88/12 0.75 0.412 0.108 80/20 0.75 0.397 0.171

88/12 0.75 0.406 0.095 80/20 0.75 0.410 0.263

88/12 0.75 0.411 0.122 80/20 0.75 0.558 0.339

88/12 1 0.407 0.110 80/20 1 0.377 0.217

88/12 1 0.425 0.089 80/20 1 0.511 0.236

88/12 1 0.435 0.080 80/20 1 0.404 0.128

88/12 1.5 0.425 0.066 80/20 1.5 0.486 0.139

88/12 1.5 0.431 0.055 80/20 1.5 0.501 0.182

88/12 1.5 0.426 0.052 80/20 1.5 0.431 0.064

88/12 2 0.433 0.055 80/20 2 0.502 0.137

88/12 2 0.422 0.057 80/20 2 0.401 0.147

88/12 2 0.410 0.046 80/20 2 0.382 0.159

88/12 4 0.401 0.049 80/20 4 0.496 0.096

88/12 4 0.429 0.059 80/20 4 0.550 0.100

88/12 4 0.426 0.049 80/20 4 0.373 0.091

88/12 6 0.429 0.053 80/20 6 0.580 0.218

88/12 6 0.409 0.051 80/20 6 0.430 0.066

88/12 6 0.410 0.049 80/20 6 0.526 0.090

88/12 17 0.403 0.045 80/20 12 0.568 0.076

88/12 17 0.406 0.051 80/20 12 0.418 0.068

88/12 17 0.388 0.047 80/20 12 0.429 0.065

88/12 24 0.416 0.046 80/20 24 0.412 0.060

88/12 24 0.414 0.046 80/20 24 0.547 0.078

88/12 24 0.426 0.047 80/20 24 0.417 0.061

weight [g] weight [g]

Table 33. Salt leaching data of scaffolds having a 76/24 salt/PCL weight ratio 
Salt / PCL ratio Leaching Initial Residual Salt / PCL ratio Leaching Initial Residual

[w/w] time [h] [w/w] time [h]

76/24 0.25 0.391 0.277 76/24 2 0.390 0.198

76/24 0.25 0.389 0.317 76/24 2 0.395 0.126

76/24 0.25 0.383 0.291 76/24 2 0.397 0.162

76/24 0.5 0.387 0.290 76/24 4 0.400 0.178

76/24 0.5 0.404 0.275 76/24 4 0.395 0.138

76/24 0.5 0.405 0.184 76/24 4 0.391 0.148

76/24 0.75 0.400 0.251 76/24 6 0.392 0.087

76/24 0.75 0.387 0.268 76/24 6 0.394 0.102

76/24 0.75 0.395 0.240 76/24 6 0.390 0.088

76/24 1 0.393 0.228 76/24 12 0.389 0.087

76/24 1 0.405 0.230 76/24 12 0.387 0.081

76/24 1 0.392 0.252 76/24 12 0.401 0.079

76/24 1.5 0.392 0.179 76/24 24 0.397 0.082

76/24 1.5 0.389 0.190 76/24 24 0.392 0.077

76/24 1.5 0.383 0.223 76/24 24 0.402 0.086

weight [g] weight [g]
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Table 21. Compressive Young’s modulus and yield strength of composite scaffolds at different 
porosities

65.6 ± 2.9 23.12 ± 3.45 1.68 ± 0.42 66.1 ± 4.0 33.80 ± 4.29 1.69 ± 0.34
66.3 ± 2.5 20.27 ± 3.47 1.61 ± 0.45 69.2 ± 3.6 28.67 ± 2.63 1.44 ± 0.18
71.7 ± 2.6 13.01 ± 2.48 0.94 ± 0.34 73.5 ± 2.8 21.84 ± 2.59 1.01 ± 0.25
75.4 ± 3.7 9.46 ± 2.46 0.76 ± 1.00 76.6 ± 3.0 16.06 ± 3.45 0.87 ± 0.30
79.5 ± 2.4 6.37 ± 1.23 0.45 ± 1.00 80.7 ± 3.1 9.57 ± 0.47 0.58 ± 0.04
82.1 ± 2.6 4.34 ± 1.34 0.29 ± 1.00 83.6 ± 3.9 4.94 ± 0.94 0.35 ± 0.13
85.1 ± 1.8 2.68 ± 0.99 0.20 ± 0.29 89.2 ± 2.8 1.41 ± 0.29 0.13 ± 0.03
87.2 ± 2.1 1.77 ± 0.41 0.15 ± 0.09 90.7 ± 2.1 0.70 ± 0.21 0.09 ± 0.03

61.7 ± 2.1 32.62 ± 1.29 2.69 ± 0.91 65.6 ± 1.7 41.11 ± 3.44 4.12 ± 1.68
67.4 ± 2.8 25.16 ± 0.31 2.11 ± 0.61 69.1 ± 1.9 31.86 ± 3.78 3.04 ± 0.33
71.7 ± 3.9 19.59 ± 1.48 1.00 ± 0.26 71.7 ± 1.8 28.30 ± 3.77 2.45 ± 0.35
76.0 ± 2.6 10.47 ± 0.70 0.65 ± 0.23 74.1 ± 1.4 26.42 ± 2.33 1.67 ± 0.51
77.9 ± 2.0 9.46 ± 0.86 0.54 ± 0.25 77.8 ± 4.8 16.37 ± 1.46 0.82 ± 0.18
81.1 ± 3.9 6.89 ± 0.91 0.47 ± 0.18 83.7 ± 3.9 6.79 ± 0.99 0.35 ± 0.16
84.4 ± 4.5 4.46 ± 0.90 0.26 ± 0.16 87.6 ± 1.3 2.09 ± 0.35 0.16 ± 0.05
87.9 ± 1.6 2.03 ± 0.23 0.14 ± 0.06 90.4 ± 3.3 0.69 ± 0.11 0.07 ± 0.02

62.6 ± 2.6 36.06 ± 0.65 2.59 ± 0.79 65.9 ± 3.3 51.16 ± 1.31 4.48 ± 0.46
66.1 ± 2.1 30.13 ± 1.11 2.05 ± 0.80 67.9 ± 2.6 36.87 ± 2.97 3.38 ± 0.31
67.3 ± 4.1 28.31 ± 0.66 1.84 ± 0.64 72.3 ± 2.4 33.09 ± 0.80 2.65 ± 0.07
68.4 ± 2.6 25.18 ± 0.27 1.71 ± 0.31 77.7 ± 2.1 20.24 ± 3.75 0.90 ± 0.26
74.6 ± 2.9 17.95 ± 6.00 1.15 ± 0.19 81.7 ± 3.9 14.92 ± 2.96 0.56 ± 0.14
82.7 ± 2.8 6.61 ± 0.83 0.42 ± 0.18 86.9 ± 2.6 2.74 ± 0.60 0.16 ± 0.03
86.2 ± 1.8 3.50 ± 0.71 0.18 ± 0.06 88.8 ± 1.9 0.99 ± 0.13 0.12 ± 0.01
88.1 ± 3.7 2.74 ± 0.14 0.18 ± 0.10 90.2 ± 1.9 0.55 ± 0.20 0.06 ± 0.03

60w% CaCO3 - 40w% PCL

Porosity Young's modulus Yield strength
[%] [MPa] [MPa]

50w% CaCO3 - 50w% PCL

Porosity Young's modulus Yield strength
[%] [MPa] [MPa]

30w% CaCO3 - 70w% PCL

Porosity Young's modulus Yield strength
[%] [MPa] [MPa]

40w% CaCO3 - 60w% PCL

Porosity Young's modulus Yield strength
[%] [MPa] [MPa]

10w% CaCO3 - 90w% PCL

20w% CaCO3 - 80w% PCL

Porosity Young's modulus Yield strength
[%] [MPa] [MPa]

Porosity
[%]

Young's modulus
[MPa]

Yield strength
[MPa]
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