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ABSTRACT 

 In this research, poly(glycerol adipate) prepolymer (pPGA) was synthetized 

using enzymatic polymerization of divinyl adipate (DVA) and glycerol in reaction carried 

out in the presence of Candida Antarctica enzyme. The pPGA was then solved in 1,4-

dioxane and mixed with L-lysine diisocyanate (LDI), bioglass, pourged into mold with 

sodium chloride, cured and freeze-dried. LDI has a dual function in the system: it is a 

cross-linking agent and also a bioactive agent that is chemically bound to the scaffold.  

Three types of porous composite scaffolds having 20 wt.% of bioglass and different cross-

linking degree (25, 50 and 100 mol% of LDI) were investigated. The scaffolds were 
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characterized by means of porosity, density, SEM. All tested materials were subjected to 

a quasi - static compression test. Each material was compressed 10 times. It was shown 

that the materials exhibited a return to their original shape even with a large compression 

strain of  90%. An imaging study of the scaffolds before and after compression was 

conducted using computed tomography (CT). The CT study showed that the resulting 

materials were not significantly mechanically damaged in the multi - compression process. 

 

Keywords: poly(glycerol adipate), thermally induced phase separation, scaffolds, mechanical 

properties, LDI, chemical crosslinking, bioglass, composite materials 

1. INTRODUCTION  

In recent years enzymatic synthesis has become an interesting, popular and greener method 

for polymerization [1,2]. Enzymatic synthesis seems to be beneficial in the context of reaction 

conditions (low temperature), bio-based, heavy metal-free catalyst with low toxicity as well as 

products properties – usually enzymatically synthesized polymers have good linearity [2,3].  

Poly (glycerol adipate) (PGA) belongs to a group of promising biodegradable polyesters 

that can be obtained in enzymatic synthesis in the presence of Novozym 435  that consists of 

CAL-B (Candida Antarctica Lipase B) [4,5]. PGA have several potential biomedical 

applications, i.e. as carrier in drug delivery systems [6,7], especially popular to produce 

sophisticated nanoparticles as a targeted and controlled active agent release[8].   

As a monomer for obtaining PGA, divinyl adipate (DVA) is most often used along with 

glycerin [9,10]. Due to the presence of Lipase B, the DVA polymerization reaction is often 

carried out under mild conditions, i.e. at relatively low temperatures not exceeding 80°C [10–

12]. The result is a polymer with a relatively low molecular weight generally not exceeding a 

few thousand Daltons  [4,11]. 
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The literature also contains information on chemical modification of PGA using i.e. 

phenylalanine or trypthophan [4] and others. These modifications affect the branching degree, 

molecular weigth distriubution which affect physicochemical properties of the obtained 

polymer [5]. The presence of free hydroxyl groups in the PGA chain allows its numerous 

chemical modifications. The modification reaction of PGA with acid chlorides containing 

different hydrocarbon lengths leads to products with different properties, such as Tg. PGA 

derivatives of this type can undergo a self-organization process to form nanoparticles with high 

homogeity, the size of which depends on the degree of chloride substitution and the length of 

the chloride chain used for modification [13,14]. 

A well-established strategy for post-polymerization modification of pPGA is the Steglich 

esterification reaction. This reaction is carried out under mild conditions, often at room 

temperature, using a N,N'-dicyclohexylcarbodiimide (DCC) as coupling agent and 4-

dimethylaminipyridine (DMAP) as catalyst. A few examples of this type of reaction described 

in the literature are modifications of PGA with: N-acyl-tryptophan, N-acyl-tyrosine, N-acyl 

phenylalanine and methotrexate [12,15,16] 

 Tissue engineering is now increasingly considering the use of so-called scaffolds 

(artificially created three-dimensional structures that support cells). Scaffolds are used to repair 

damaged tissues [17]. There are several known methods for obtaining polymer scaffolds for 

regenerative medicine applications. The most popular scaffold fabrication techniques include 

electrospinning [18–20], solvent casting and particle leaching [21], gas foaming [22], solid free 

form fabrication [23], thermally induced phase separation (TIPS) [24] and 3D printing [25–27]. 

The mentioned techniques allow to obtain scaffolds mainly from biopolymers based materials 

[28].  

Using the TIPS technique, it is possible to obtain a scaffold with a three-dimensional 

structure, high porosity, even at a level over  90% (total porosity). The technique allows 
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controlling the size of pores [29], and also makes it possible to introduce additives, such as 

fillers in excess of 50% by weight in the system, while maintaining a low density of the material 

[30]. Systems based on poly(glyceryl adipate) or poly(glyceryl sebacate), however, require the 

use of a thermal [31], chemical crosslinking using i.e. hexamethylene diisocyanate (HDI) [32] 

so that a dimensionally stable scaffold can be obtained.  There are also reports in the literature 

of chemical modification of PGA combined with UV crosslinking [33]. PGA derivatives or 

cross-linking can be obtained by functionalizing the side hydroxyl groups present along the 

main polymer chain [11]. 

Often, polymer scaffolds contain other components besides the polymer itself, such as 

fillers in the form of apatite ceramics (hydroxyapatite, Beta-TCP, Bio Glass) [34]. The purpose 

of introducing these fillers into the system is to provide osteoconductivity, and such scaffolds 

themselves are used in bone tissue engineering [35,36]. 

Polymer-filler composite systems often also contain bioactive additives, the most popular 

of which are L-lysine and L-arganine. L-lysine belongs to the group of amino acids and is used 

in osteoporosis fracture healing [37]. L-lysine can be introduced into the polymer-filler system 

in several ways, including: filler chemical functionalization [38], filler physical impregnating 

[29] or adding it directly as a second filler [39]. 

In the present work, three-dimensional porous scaffolds were produced based on 

enzymatically obtained PGA, which was doped with bio-glass and chemically cross-linked 

using L-lysine diisocyanate (LDI). LDI acts as a crosslinking agent but also ensures the 

potential bioactivity of the material. The effect of LDI content and bioglass on the 

physicochemical properties and compression parameters of the obtained composites was 

studied.  
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2. EXPERIMENTAL SECTION 

2.1 Materials 

In this research, divinyl adipate (Tokyo Chemical Industry),  Glycerol (>99,5%, Sigma 

Aldrich®), Novozym 435 (STREM Chemicals), L-lysine ethyl ester diisocyanate (LDI, 97%, 

AlfaAesar™), 1,4-dioxane (>99%, Honeywell), sodium chloride having grain size of 500-

600µm (Avantor, Poland) were used.  

2.2 Bioglass synthesis 

The P5Sr2 Bioglass (BG) was obtained from Institute of Ceramics and Building 

Materials (Warsaw, Poland) and detailed preparation was described before [40]. The BG 

belongs (based on) to the CaO-SrO-SiO2-P2O5 system was produced using the sol-gel method. 

After the reaction (of substrates) mixtures were transformed from the sol into a gel and dried in 

an electric furnace at a temperature of 650°C. The obtained coarse-grained powders were 

initially ground in a mechanical mortar and then milled in a rotary-vibration mill.  

2.2 pPGA synthesis and foam formation 

The pPGS synthesis was carried out in a 250 cm3 double-necked glass round bottom 

flask equipped with a reflux condenser and thermometer. In the vessel were placed 62.5 mmol 

each of DVA and glycerol, 25 cm3 of THF previously dried over molecular sieves as the 

reaction medium, and 0.55 g of Novozyme 435 as the enzyme catalyst. The flask above the 

reaction mixture was purged with nitrogen and then heated The synthesis was carried out at 

temperature of 40˚C. The mixture was homogenized for 24 h with a magnetic dipole at 250 

rpm. After the reaction was stopped, Novozym 435 was drained on a paper filter, and THF and 

low-molecular-weight volatile products were removed on a rotary vacuum evaporator. In order 

to deactivate lipase that could be eluted from the acrylic carrier, the product was placed in a 

forced-air dryer for 1 h at 95˚C. The product was finally dried in a vacuum dryer for 72 h at 

40˚C. 
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PGA/BG scaffolds were fabricated in several steps. Initially, 20 wt. % solution of pPGS-

LDI in 1,4-dioxane was prepared. The LDI content corresponds to react of 25 wt.%, 50 wt.% 

or 100 wt.% of hydroxyl groups from PGA (according to the scheme showed in Figure 1). Both 

scaffolds were also prepared with 20 wt.% of BG and sodium chloride (with grain size of 500-

600 µm). The scaffolds were then frozen (24h, -40°C ), freeze-dried (24h, 10Pa), cross-linked 

(24h, 60°C), then the sodium chloride was washed off and finally the scaffolds were dried (72h, 

40°C). All the samples compositions are summarized in table 1. The scaffold preparation 

procedure is shown in Figure 2. 

 

 

Figure 1. pPGA cross-linking with LDI scheme. 
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Figure 2. Scaffold preparation procedure 

Table 1. Samples designation 

Sample 
LDI content in cross-

linked PGA 
[mol] 

PGA content [wt.%] 
Bioglass content 

[wt.%] 

PGA25 25 100 - 

PGA25/BG 25 80 20 

PGA50 50 100 - 

PGA50/BG 50 80 20 

PGA100 100 100 - 

PGA100/BG 100 80 20 

 

2.5 Physicochemical properties of the scaffolds 

Particle size distribution measurements 
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The particle size analysis was performed using a Malvern Instruments 2000 laser 

graining analyzer using the low-angle laser light scattering (LALLS) method. The device used 

allowed for examining the grain size in a wide range from 0.1 µm to 2000 µm with an error of 

0.5%. The resulting characteristic values dv(0.1), dv(0.5) and dv(0.9) are particle sizes below 

which there is respectively 10 vol.%, 50 vol.%. and 90 vol.% sample population. 

Attenuated Total Reflectance-Fourier Transform Infrared Reflectance (FTiR/ATR) 

Attenuated Total Reflectance-Fourier Transform Infrared Reflectance spectra 

(FTIR/ATR) was used to track the progress of PGA crosslinking reaction using LDI. 

FTIR/ATR spectra were recorded with Nicolet iZ10 spectrometer (Thermo Scientific, 

Waltham, MA, USA) equipped with Smart iTR™ diamond ATR accessory. The spectra were 

acquired with a resolution of 4 cm-1 in the range of 4000 – 550 cm-1 (32 co-added scans).  

Thermogravimetry (TGA)  

TGA measurements were performed utilizing the TGA/DSC1 Mettler Toledo system to 

investigate thermal stability of obtained materials. Samples were heated at a 10°C/min in the 

temperature range from 25°C to 900°C under 60 cm3/min of nitrogen flow.  

Differential scanning calorimetry (DSC) 

To establish a glass transition temperature of PGA, a DSC method was used. The 

measurement were carried out using DSC1 STARe Differential Scanning Calorimeter System 

from Mettler-Toledo. The measurements was carried out in the temperature range of -50 to 

70°C with the heating/cooling rate 10 K/min. Samples were measured in aluminum pans under 

a constant nitrogen purge (60 ml/min). First cooling and second heating thermographs were 

used for analysis. 

Scaffolds (foams) micro-imaging (SEM) 

Morphologies of foam scaffolds the PGAs and PGA/BG systems, also after compression 

tests, were characterized by scanning electron microscopy (SEM) (Phenom ProX; Thermo 
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Scientific). The samples were sectioned on a cryostat (Hyrax C50, Zeiss) at -25°C to reveal the 

internal structure of foams, especially pores’ shape, dimensions and arrangement. The samples 

were mounted on microscope stubs using double-sided adhesive carbon tape.  

 

Quasi - static compression tests 

Mechanical tests were carried out using an Instron 5966 universal testing machine, 

equipped with a 1 kN load cell and a set of compression analysis tables. All tests were carried 

out on cylindrical shape scaffolds with a diameter of 15.4 mm and a height of 4 mm. In order 

to capture the actual height of the shapes, the measurement was started at the original pivot of 

the top table equal to 5.0 mm, and the onset of preload equal to 0.05 N was defined as the 

beginning of the measurement. The results were recorded in Bluehill 3 software. The 

mechanical properties of the static compression test were determined at a compression speed 

of 1 mm / min. and a maximum strain was being read at 90% of deformation. 

In addition, cyclic (fatigue) tests were carried out. When the preload was reached, an 

initial point was determined, and the scaffold was compressed at a speed of 10 mm/min to the 

target strain (30, 60, or 90%). Immediately after it was reached, the top table was returned to 

the starting point at the same speed. The entire cycle was repeated 10 times, so 10 local maxima 

were recorded. 

 

Microtomography (µCT) 

To examine microstructural properties, foam specimens were scanned using a 

microtomography (SkyScan 1172, Bruker, Kontich, Belgium). Samples were scanned using no 

filter, with a resolution of 9 µm, 180-degree scanning range. An X-ray lamp intensity of 

222 µA, voltage energy of 44 kV, rotation step of 0,25⁰ and exposure time of 500 ms was used. 

After the image reconstruction (NRecon, Bruker), cylindrical volumes of interest (VOIs) were 
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created within each foam. The created VOIs had a diameter of 10 mm and a height of 3.5 mm. 

Analysis of the microstructural parameters (CtAn, Bruker) was carried using three-dimensional 

parameters describing the foam porosity, such as: total porosity (Po(tot) [%]), open porosity 

(Po(op) [%]), closed porosity (Po(cl) [%]), open and closed pores volume (Po.V(op), Po.V(cl) 

[mm3]) pore size (volume- equivalent sphere diameter, ESDv [µm]), major pore diameter 

(Maj.Dm [µm]), sphericity (Sph [-]). 

2. RESULTS AND DISCUSSION  

 

2.1. PGS/BG scaffolds properties 

Table 2 contains the results of porosity, density and water sorption for the PGA/BG 

systems having different degree of cross-linking. It can be seen that materials containing BG  

are characterized by higher water sorption and porosity as  compared to corresponding samples 

without BG (porosity of BG filled materials is 2-3% higher compared to corresponding non 

filled material while water sorption is higher by 40 to150% for filled systems as compared to 

references). An increase in the degree of cross-linking leads to an increase in the porosity of the 

scaffolds reaching porosity over 90% for PGA50/BG and PGA100/BG samples. The density of 

the PGA/BG composite is comparable to that of PGA having the same degree of cross-linking. 

However, the degree of cross-linking clearly influences the density of the material. For systems 

having a degree of cross-linking of 25%, the density is 0,154-0,163 g/cm3, for systems having 

a degree of cross-linking of 50%, the density is 0,132-0,135 g/cm3, while for samples having 

the highest degree of cross-linking, values of 0,122-0,127 g/cm3 were obtained. The porosity 

results indicate that the higher the degree of – crosslinking, the lower the density of the obtained 

scaffolds. The results show that with a higher degree of cross-linking, the structure is much 

more dimensionally stable and does not collapse, thus reducing its density. 
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Water absorption is higher for samples containing bio-glass and does not depend on the 

degree of cross-linking. The reduction in water absorption of filled and most cross-linked 

specimens leads to assume that there is an optimal degree of cross-linking that guarantees the 

highest water absorption. 

Table 2. Physical properties of PGA scaffolds 

Sample 
Scaffold 
density 
[g/cm3] 

Scaffold 
porosity 

[volume %] 

Water 
sorption  
[wt. %] 

PGA25 0,163 +/- 0,008 85,2 +/- 0,8 710 +/- 20 

PGA25/BG 0,154 +/- 0,006 88,9 +/- 0,4 810 +/- 20 

PGA50 0,135 +/- 0,006 87,7 +/- 0,6 780 +/- 20 

PGA50/BG 0,132 +/- 0,006 90,4 +/- 0,7 930 +/- 20 

PGA100 0,122 +/- 0,005 88,9 +/- 0,4 810 +/- 20 

PGA100/BG 0,127 +/- 0,006 90,8 +/- 0,5 850 +/- 20 

 

2.2 Scaffolds structure and morphology (SEM) 

 

Figures 3 and 4 show SEM images of chosen scaffolds cross sections before 

compression testing (Figure 3) and after compression (Figure 4). During testing, samples were 

compressed by 90%. The photos show cross sections only for selected materials. 

Figure 3A shows a view of the pores and walls of the PGA25 scaffold, while Figure 3C 

shows the PGA50. Large pores with an estimated size of about 500 micrometers can be seen, 

which were formed by leaching of sodium chloride grains. Also, in both samples are small pores 

visible with a size of a dozen or so micrometers from the freeze-drying process. 

Figures 3B and 3D feature scaffolds containing 25wt.% bio-glass and differing in the 

degree of cross-linking (25 and 50%, respectively). The bio-glass is located in the walls of the 

scaffolds. The walls of the obtained PGA based materials have a thickness of 30 to over 150 

µm and are much thicker compared to the scaffolds obtained from PLLA [26] or PCL [35]. This 

effect is directly related to the concentration of polymer used for scaffolds preparation. In the 
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case of PGA scaffolds, the concentration of pPGS pre-polymer in the solution from which the 

materials were made was 20 wt. %, while for PLLA it was only 2.5 wt. % and for scaffolds 

made from PCL, the concentration of polymer in solution was 10 wt. %.  

SEM images revealed slightly or lacked visible effects of compression onto the internal 

structure of foams (comparison of Figure 3 with Figure 4). Walls of pores were intact 

independently of foams’ type. Slight defects were detected only for loose (unconnected) walls 

of pores for PGA50/BG  (Figure 4D) as the bottom of pores. In the cross-sections of pores’ 

walls, decohesions between polymer and bioglass were not present (Figure 4D`). Hence the risk 

of uncontrolled release of bioglass particles was absent. The level of load damping without 

significant changes in the foam structure is very high. 

 

 

Figure 3. SEM images of foam scaffolds based on A) PGA25, B) PGA25/BG, B’PGA25/BG walls, C) PGA50, 

D) PGA50/BG and D` PGA50/BG walls 

 



13 

 

 

Figure 4. SEM images of foam scaffolds after compression tests A) PGA25, B) PGA25/BG, B` PGA25/BG 

walls, C) PGA50, D) PGA50/BG and D` PGA50/BG walls.  

 

Thermal properties of PGA scaffolds 

Figure 5 contains DSC curves from the first and second heating cycles for PGA 

crosslinked at different LDI contents (Figure 5A), for PGA/BG composites crosslinked at 

different LDI contents (Figure 5B). As may be noticed, the glass transition temperature of PGA 

depends on the LDI content and whether or not there is bio-glass in the system. The lowest 

glass transition temperature values were obtained for PGA25. It is -19°C for the first heating 

scan and -9°C for the second heating scan (Figure 5A). In this case, slight changes in the glass 

transition temperature were noted when 20% by weight of bio-glass was added. Due to the 

stiffening of the polymer chains, there was a reduction to -21°C and -11°C for the first and 

second heating scans, respectively. Increasing the degree of cross-linking of PGA increases the 

glass transition temperature. Thus, for PGA50 values of -12 °C (first heating) and -2°C (second 

heating) were obtained. For PGA100, the highest glass transition temperatures were obtained 
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and are 18°C (first heating) and 25°C (second heating) (Figure 5B). For PGA50/BG and 

PGA100/BG, the addition of bio-glass also reduced Tg. For the PGA50/BG system, the addition 

of BG reduced Tg by about 3°C (in both the first and second heating scans) relative to PGA50, 

while in the PGA100/TG composite, the reduction in Tg is 10°C relative to the PGA100 

reference (Figure 5B. For un-crosslinked PGA, glass transition temperatures range from -49°C 

to -34°C, depending on the synthesis temperature [10]. 
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Figure 5. DSC first and second heating scan of foam scaffolds A) PGA25, PGA50 and PGA100, B) PGA25/BG, 

PGA50/BG and PGA100/BG 

 

FTiR/ATR was used to confirm the different degree of PGA cross-linking depending 

on the LDI content. Figure 6 shows a slice of the FTiR/ATR spectra in the 3050-3800 cm-1 

range. The signal that comes from the hydroxyl stretching is in the range of 3500-3000 cm-1. 

As the LDI content of the system increases, the signal shifts to lower wavelength values and 

decreases. The disappearance of the band originating from the hydroxyl stretching groups 

should be interpreted as the progress of the crosslinking reaction. In this case, it was confirmed 

that the cross-linking density is increasing in line with PGA25>PGA50>PGA100. In addition, 

it can be noted that PGAs containing bio-glass have lower peaks from hydroxyl groups than the 

corresponding unfilled polymers. This indicates that materials containing bio-glass are slightly 

better cross-linked than unfilled PGA. 
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Figure 6. FTiR of PGA based sample  

Compression mechanical properties of PGA scaffolds 

An important objective of the study was to investigate the behavior of the tested 

materials based on PGA crosslinked with different LDI content during compression testing. 

The samples were subjected to a quasi-static compression test, deforming it by 90%. It was 

noted that the content of LDI in the system is important in terms of strength properties. It was 

noted that increasing the content of the LDI crosslinking agent increases the strength parameters 

of the materials. For example, for a strain of 30%, 1.4kPA was obtained for PGA25, 2.0kPa 

was obtained for PGA50, and 3.3kPa was obtained for PGA100 (Table 3, Figure 7).  

Table 3.  Summary of compressive strength parameters for PGA/BG systems 

Sample 
Compressive stress [kPa] 

at strain 30% at strain 60% at strain 90% 

PGA25 1,4 +/- 0,2 7 +/- 1 440 +/- 30 

PGA25/BG 1,6 +/- 0,2 7 +/- 1 460 +/- 30 

PGA50 2,0 +/- 0,2 9 +/- 1 450 +/- 50 

PGA50/BG 2,7 +/- 0,2 14 +/- 1 700 +/- 30 

PGA100 3,3 +/- 0,2 20 +/- 2 1440 +/- 90 

PGA100/BG 10,0 +/- 0,8 49 +/- 3 2130 +/- 90 
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Analogous observations were made for higher strain values. At the same time, the effect 

of bio-glass on mechanical properties was observed - systems with bio-glass additives are 

characterized by higher stresses relative to samples without bio-glass at the same strain and 

degree of crosslinking. The most notable differences are evident for PGA100, where 3.3kPA 

was obtained for a strain of 30%, while for PGA100/BG the stress value was 10kPA (Table 3). 
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Figure 7. Compressive stress-strain plot for PGA and PGA/BG scaffolds 
 

 

A detailed analysis was carried out for a 10-fold repetition of the compression test. The 

test was carried out as follows - the specimen was compressed up to 90% strain was reached, 

then the strain was relaxed and the 90% strain was set again, and the strain was measured. The 

results are shown graphically in Figure 8, and detailed data are summarized in Table 4 for 

strains of 30, 60 and 90%. The maximum values for PGA25 and PGA25/BG material were 

obtained at the highest strain of 90% and are 477kPa and 526kPa respectively. At the same 

time, the values of maximum stress at 90% strain after 10 cycles decreased for these samples 

to 89 and 94% respectively. The results indicate that the system with BG is less susceptible to 

mechanical failure as compared to the neat PGA25. The PGA50 and PGA100 samples were 
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similarly examined (Figure 8 B and C). For PGA50 and PGA50/BG at 90% strain, maximum 

stresses of 481 and 867kPa were obtained, respectively, while ~2.8MPa and ~3.2MPa were 

obtained for PGA100 and PGA100/BG materials respectively. After 10 cycles of compression, 

the values continued to be higher for the composites than for the pure PGAs, and for all 

materials the maximum values after 10 cycles of compression were at levels above 80% of the 

value obtained in the first compression, 
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Figure 8. Stress-strain relationship for 10-fold deformation: a) PGA25 and PGA25/BG, b) PGA50 and 

PGA50/BG, c) PGA100 and PGA100/BG 
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Table 4. Summary of strength parameters at successive compression cycles 

strain 30% 

Sample 

strain cycle I 

[kPa] 

Strain change in the next cycle [%] strain cycle X 

[kPa] II III IV V VI VII VIII IX X 

PGA25 1,6 107,1 108,4 101,2 99,0 99,0 105,9 104,7 112,3 99,7 1,6 

PGA25/BG 1,8 101,3 108,2 107,3 89,9 90,4 102,4 102,2 92,1 96,4 1,8 

PGA50 2,0 105,5 99,6 100,4 94,7 102,8 103,8 101,1 108,2 98,5 1,9 

PGA50/BG 3,4 90,0 88,7 85,2 92,9 90,0 93,2 88,6 90,4 93,3 3,2 

PGA100 5,0 93,2 91,0 90,2 87,5 87,8 86,9 91,0 85,6 86,1 4,3 

PGA100/BG 21,1 93,2 90,5 88,4 86,6 85,6 85,4 84,6 83,2 82,9 17,5 

strain 60% 

Sample 

strain cycle I 

[kPa] 

Strain change in the next cycle [%] Strain Cycle 

X [kPa] II III IV V VI VII VIII IX X 

PGA25 5,8 100,7 99,7 100,4 97,8 99,2 102,3 100,0 89,0 98,1 5,7 

PGA25/BG 9,1 100,7 100,9 98,3 99,3 98,8 99,5 98,6 102,2 96,3 8,8 

PGA50 9,1 97,8 99,5 99,0 100,9 97,5 97,4 95,9 96,7 97,1 8,8 

PGA50/BG 15,3 97,8 95,7 95,9 95,3 94,8 95,6 96,0 95,% 93,9 14,4 

PGA100 30,6 95,6 95,3 94,8 95,3 93,6 94,6 95,0 94,6 95,0 29,1 

PGA100/BG 73,5 94,4 91,6 89,6 88,6 87,9 87,0 86,0 85,8 85,1 62,6 

strain 90% 

Sample 
strain cycle I 

[kPa] 

Strain change in the next cycle [%] Strain cycle 

X [kPa] II III IV V VI VII VIII IX X 

PGA25 477 97,0 95,2 93,8 92,7 91,7 91,0 90,4 89,6 89,2 425 

PGA25/BG 526 99,9 98,4 97,3 96,5 96,0 95,8 95,3 94,9 94,6 497 

PGA50 481 96,8 94,7 93,3 92,3 91,1 90,4 89,7 88,7 88,1 423 

PGA50/BG 867 99,7 99,2 99,0 98,3 98,0 97,6 97,3 97,0 96,8 840 

PGA100 2791 94,3 91,1 88,9 87,4 86,2 84,8 83,8 82,6 81,6 2277 

PGA100/BG 3195 93,7 90,6 88,4 87,0 86,0 85,2 84,4 83,8 83,3 2660 

 

 

 

Three-dimensional structure of PGA-based scaffolds 

 

 

A comparative analysis of the structural parameters calculated before and after (10x) 

compression were conducted. The results are summarized in Table 5 (results before 
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compression) and in Table 6 (results after compression). 3D reconstructions of the tested 

materials are shown in Figure 9 and Figure 10. The conducted studies indicate that the structure 

of these samples before and after compression tests differ slightly. A slight decrease in the 

porosity of the samples was observed from a value of 0.25% (for sample PGA100) to 4% for 

sample PGA50. The porosity for all the samples is almost completely open (the content of 

closed pores for most samples is less than 0.001%). The applied loading increased the value of 

the major diameter value (Maj.Dm) by an average of 5%, with a concomitant decrease in the 

sphericity value of 0.29% for sample PGA50 to 12% for sample PGA25BG, respectively.  

The obtained figures for the samples before and after 10-fold compression show very 

slight change in the basic parameters characterizing porosity.  This is the main difference 

between the PLA-based scaffolds that have been studied most often. PLA materials are mostly 

rigid  [41] and do not recover their shape after deformation. 
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Figure 9. Three-dimentional reconstruction of scaffolds from CT scans before compression testing for: A) 

PGA25, A`)PGA25/BG, B) PGA50, B`) PGA50/BG, C) PGA100 and C`) PGA100/BG 
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Figure 10. Three-dimentional reconstruction of scaffolds from CT scans after 10x compression testing for: A) 

PGA25, A`)PGA25/BG, B) PGA50, B`) PGA50/BG, C) PGA100 and C`) PGA100/BG  
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Table 5. Comparison of the values of structural parameters of samples before compression testing, determined 

in 3D structural measurements using CtAn software, Bruker 

  Po(tot)a 

[%] 

Po(op)a 

[%] 

Po(cl) a 

[%] 

Po.V a 

[mm] 

ESDv  

[um] 

Maj.Dm 

[um] 

Sp [-] Sau.Dm 

[um] 

PGA25 84,7 84,7 <0,001 297,50 288,6±92 482,7±196 0,71±0,16 208,5±87 

PGA25BG 80,7 80,7 0,005 283,18 297±99 487,9±232 0,72±0,16 218,4±89 

PGA50 75,8 75,8 <0,001 240,80 384,4±138 542,2±276 0,81±0,12 305,4±83 

PGA50BG 69,1 69,1 0,004 208,77 415,2±132 564,3±297 0,81±0,12 347,6±100 

PGA100 76,8 76,8 0,001 260,88 335,8±103 483,4±166 0,75±0,14 256,9±100 

PGA100BG 72,7 72,7 <0,001 246,65 350,1±200 539,7±243 0,75±0,13 275,2±108 

aParameters obtained from the 3D analysis; results shown as the mean value ± SD 

Table 6. Comparison of the values of structural parameters of samples after compression testing, determined in 

3D structural measurements using CtAn software, Bruker 

  Po(tot)a 

[%] 

Po(op)a 

[%] 

Po(cl) a 

[%] 

Po.V a 

[mm] 

ESDv  

[um] 

Maj.Dm 

[um] 

Sp [-] Sau.Dm 

[um] 

PGA25 83,9 83,9 <0,001 294,47 283,2±104 528,0±258 0,66±0,17 190,5±89 

PGA25BG 80,2 80,2 0,004 281,70 283,1±95 516,6±258 0,63±0,15 168,9±79 

PGA50 72,2 72,2 <0,001 229,48 382,4±142 545,6±260 0,81±0,13 301,2±86 

PGA50BG 63,6 63,6 0,001 227,07 404,5±140 593,1±321 0,79±0,12 321,4±103 

PGA100 76,7 76,7 0,001 260,27 329,1±99 506,8±190 0,71±0,14 221,3±99 

PGA100BG 71,4 71,4 <0,001 242,29 338,7±125 568,1±250 0,72±0,15 248,8±109 

aParameters obtained from the 3D analysis; results shown as the mean value ± SD 

 

4. CONCLUSIONS 

 In this paper, we have presented the possibility of producing PGA and PGA-bioglass 

porous composites for bone tissue engineering. PGA prepolymer was obtained in enzymatic 

polymerization using Candida Antarctica enzyme in the first step of the research. L-lysine 

diisocyanate (LDI) was used as a cross-linking agent. LDI, apart from the cross-linking 

function, simultaneously introduces a bioactive component - L-lysine to the system in one 

process. Porous scaffolds were obtained using thermally induced phase separation combined 

with chemical cross-linking and salt leaching. We have demonstrated the possibility of tailoring 
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the properties of composite systems by changing the amount of LDI, which translates into a 

change in the PGA cross-linking density and also affects all the properties of the tested 

materials. The obtained PGA based materials are characterized by open porosity with porosity 

level of  85-90% and water sorption level between 710-850%. The obtained scaffolds were 

subjected to 10-fold compression with a strain of 90%. SEM analysis showed that in PGA-

bioglass systems, no filler decohesion occurs after 10-fold compression. At the same time small 

cracks were observed in the walls of the material. Computer tomography (CT) showed little (up 

to few  percent) changes between native samples and samples compressed 10 times. It was 

shown that the total porosity - Po(tot)a, as well as the open porosity - Po(op)a and pore volume 

- Po.V before and after compression, are at the same level. Slight changes were observed for 

major pore diameter (Maj.Dm) and sphericity (Sp). Major pore diameter increases after the 

compression process, while sphericity decreases regardless of whether the sample was PGA, 

PGA-bioglass, and what the degree of cross-linking was. 

In this article, we have shown that it is possible to produce flexible polymer scaffolds based on 

PGA and bio-glass. The system was doped with LDI and this single compound served as a 

crosslinking, as well as a bioactive agent. 
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