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ABSTRACT 

    This doctoral thesis is aimed at development and characterizations of novel 

biodegradable polylactid acid based systems for medical applications. The first part 

of this work is dedicated to preparation and characterization of novel biodegradable 

micro structured antibacterial systems where the antibacterial activity of the prepared 

materials was ensured by incorporation of the inorganic additive based on double 

sulfates of aluminium. The second part is focused on preparation and 

characterization of 3D polymer structures. The antibiotic gentamicin sulfate was 

used as model bioactive agent suitable for would dressing applications.  Both 

experimental parts were also comprised of the detailed structural a degradation 

studies that bring novel insights into the field of biodegradable polyesters medical 

research.  

 

 

 

ABSTRAKT 

   Tato disertační práce je zaměřena na vývoj a charakterizaci nových biologicky 

odbouratelných systémů na bázi kyseliny polymléčné pro lékařské aplikace. První 

část této práce je věnována přípravě a charakterizaci mikrostrukturovaných 

antibakteriálních systémů, kde byla antibakteriální aktivita připravených materiálů 

zprostředkována pomocí anorganického aditiva na bázi hlinitých podvojných solí 

kyseliny sírové. Druhá část je zaměřena na přípravu a charakterizaci 3D polymerních 

struktur pro krytí ran. Jako modelovou bioaktivní látku bylo použito antibiotikum 

gentamicin sulfát.  Obě experimentální studie obsahují detailní popis strukturních a 

degradačních vlastností vyvinutých systémů a přináší tak nové poznatky do oblasti 

materiálového výzkumu biorozložitelných polyesterů pro medicínské aplikace.  
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INTRUDUCTION 

    Aliphatic polyesters were firstly used in medical applications as sutures in 1971. 

Since then, research in biodegradable aliphatic polyesters has gained considerable 

attention due to the increasingly attractive biomedical, environmental, and 

agricultural applications [1]. Especially, biodegradable polyesters have highly 

desirable applications due to their biocompatibility, biodegradability and 

bioresorbability properties in biomedical areas, such as pharmaceutical industry and 

tissue engineering scaffolds. All these applications mainly rely on the fact that the 

polymers ultimately disappear after providing the desired functionalities. In this 

respect, the mechanism of polyesters’ degradation and erosion in aqueous media has 

drawn great attention [2, 3]. Although, polyesters combine relatively intrinsic 

properties (as mentioned above) with easy synthetic methods and acceptable 

production costs, they often have poor mechanical and physical properties. 

Therefore, augmented mechanical and physical properties can be achieved by 

tailoring the chemistry of polyesters [4, 5]. Modification is one of the promising ways 

to enhance the mechanical properties and improve the capabilities of existing 

biodegradable polyesters for desired biomedical applications [4]. 

    

    The presented thesis is devoted to the preparation of biodegradable aliphatic 

polyesters and biopolymers for biomedical applications. The first section 

summarizes the development of microcellular antibacterial polylactide-based 

systems prepared by additive extrusion with ALUM. The second section focuses on 

polylactide-polyvinyl alcohol-based porous systems loaded with gentamicin for 

wound dressing applications.  
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AIMS OF WORK 

    Aliphatic polyesters combine the rarely met properties of biocompatibility, 

bioresorability, and biodegradability, which accounts for their broad use as 

biomaterials and as environmentally friendly thermoplastics. However, the lack of 

functional groups along the backbone and poor mechanical properties induce an 

intense limitation to extend new applications. It is highly desirable to implement 

efficient processes in order to modify biodegradable polyesters and tailor properties 

including crystallinity, hydrophilicity, and biodegradation rate. Therefore, the aim of 

the doctoral thesis is based on the state of the art study, and conclusions resulting 

from that are the following: 

 Preparation and characterization of microcellular antibacterial poly lactide‐

based systems prepared by additive extrusion with ALUM. 

 

 Poly lactide-polyvinyl alcohol-based porous systems loaded with gentamicin 

for wound dressing applications. 
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2. EXPERIMENTAL PART 

2.1.  Preparation and characterization of microcellular antibacterial 

polylactide‐based systems prepared by additive extrusion with 

ALUM 

 

Preparation of PLA mixtures 

 

   Prior to being compounded, PLA pellets were dried at 80°C under reduced pressure 

(300 mbar) for at least 8 hours. A co‐rotating twin screw micro compounder 

(HAAKE MiniLab II, Thermo Scientific, Waltham, Massachusetts) which was 

equipped with two stainless steel screws and a bypass valve was utilized. This 

allowed continuous recirculation of the material at 190°C; with the screw speed set 

to 50 rpm for compounding operations without the bypass valve. The compositions 

of the resultant samples are shown in Table. 1. 

Table. 1. Compositions of the investigated samples 

Component content (wt.%)/sample designation PLA ALUM MSS 

PLA 100 - - 

PLA/ALUM 99 1 - 

PLA/ALUM/MSS3 97 1 3 

PLA/ALUM/MSS5 94 1 5 

PLA/MSS3 97 - 3 

PLA/MSS5 95 - 5 

 

Results and discussions 

Characterization of materials 

   Materials properties including molecular weight, thermal and mechanical 

properties and morphology of specimens prepared from neat PLA and microcellular 

PLA expanded by sodium bicarbonate and Alum as antimicrobial compound were 

investigated. Recognized as being environmentally friendly and cheap CBA, MSS 

decomposes at low temperature and releases CO2 easily. Antibacterial modification 

was mediated by another inexpensive and widely available additive, ALUM. Papers 

in the literature highlight that PLA degrades during melting process methods such as 

extrusion [6], a phenomenon that could be accelerated by enhancing the material 

with additives [7, 8]. Therefore, the effect of agents on the properties of the PLA was 
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researched after the preparation process had ended, and these findings were 

compared with characteristics prior to commencement of said process.  

Morphology 

      Scanning electron microscopy (SEM) was utilized to investigate the morphology 

of samples, especially to gain data on the microstructure of the microcellular 

specimens. As can be observed from Figure 1, adding ALUM to neat PLA caused 

the specimens to develop more fracture-like characteristics than evidenced in neat 

PLA. As expected, the gases formed by the decomposition of MSS in the PLA during 

extrusion gave rise to an expanded pore structure in the majority of pores, measuring 

in the order of hundreds of micrometers. The higher expansion ratio and density 

discerned of the pores were achieved by employing a greater amount of the blowing 

agent: (5 wt% of MSS) in the samples PLA/MSS5 (Figure 1D) and 

PLA/ALUM/MSS5 (Figure 1F). Additionally, incorporating ALUM and combining 

it with the expansion process induced by the greater concentration of MSS led to 

decrease in cell size and increase in the cell density of the polymer matrix, in 

comparison with the PLA/MSS5 sample; notably, a more uniform cell structure was 

also obtained. The pores in the PLA/ALUM/MSS5 specimen were roughly 

comparable in size with the morphological characteristics of a microcellular PLA 

reported in a study [9], which had been formed by nitrogen in a supercritical state 

through injection molding experiments. 

   Table 2 summarizes the percentage of porosity of the microcellular PLA samples. 

In accordance with findings from the SEM images, free space volume was at its 

highest level when the greater concentration of MSS was utilized. Nevertheless, if 

applied in tandem with ALUM, porosity significantly diminished because of the less 

porous substructures formed, in addition to which the average pore size of the 

specimens reduced. These phenomena had been anticipated because of the number 

of bubbles nucleated, which is fully dependent on the concentration of the blowing 

agent dissolved in the polymer matrix [10]. 
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Figure 1. SEM micrographs of the microstructures of (A) PLA, (B) PLA-ALUM, (C) 
PLA/MSS3, (D) PLA/MSS5, (E) PLA/ALUM/MSS3, (F) PLA/ALUM/MSS5. 

Molecular weight and distribution 

   The average molecular weights of all samples, measured by GPC, are listed in 

Table. 2. Neat, unprocessed PLA was used as a reference to compare the results 

obtained for the final samples. As can be seen, a significant drop in Mw was detected 

for neat PLA after it had been processed in comparison with the same unprocessed 

material, caused by thermal degradation. This decline in Mw was much more 

pronounced for the material incorporating the antimicrobial agent ALUM and the 

composites expanded by MSS (PLA/ALUM, PLA/ALUM/MSS3, 

A B 

C D 

E F 
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PLA/ALUM/MSS5). The Mw of the neat PLA and PLA with additives dropped by 

approximately 14% and 43%, respectively, after processing the same. 

   Potentially, this significant reduction in Mw could be attributed to the acidic nature 

of ALUM (KAl (SO4)·12H2O) and MSS, which were employed in tandem with the 

expansion agent. These additives act as an acidic catalyst, accelerating the random 

hydrolysis of the ester bonds in the PLA [11]. Furthermore, water molecules present 

in the chemical structure of ALUM could promote hydrolysis of the polymer. The 

concurrent effect exerted by the additives on acceleration of degradation is clearly 

evidenced in the Mw of the PLA/ALUM/MSS5 material, which contained ALUM 

and the greatest amount of the blowing agent 

Thermal properties 

   The results of DSC analysis, which are detailed in Table 2, demonstrate that the 

additives employed to prepare the antimicrobial microcellular PLA did not 

significantly influence the thermal properties of the given PLA, in comparison with 

the neat material prior to and after processing. The degree of crystallinity of the 

specimens, calculated from data obtained by thermal analysis, was very low. This 

can be attributed to the short time available for crystallization to occur during the 

preparation of the specimens. However, the slightly higher crystallinity of the PLA 

with additives potentially indicates their nucleation effect, facilitating PLA 

crystallization [12]. 

Table. 2. Selected material-related properties of samples after preparation and before 

degradation experiments. 
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Sample/property 

 

Neat PLA 

prior to 

processing 

Neat PLA 

after 

processing 

PLA 

ALUM 

PLA/MSS3 PLA/MSS5 PLA 

ALUM 

MSS3 

PLA 

ALUM 

MSS5 

Content of 

ALUM 

[%] 

- - 1 - - 1 1 

Content of BS 

[%] 
- - - 3 5 3 5 

Mw
a 

[kg·moL-1] 
122.9 107.1 86.5 90.1 90.1 91.5 85.5 

Đ b 2.44 2.12 2.43 2.53 2.42 2.34 2.24 

Tm
c 

[°C] 
154.1 152.5 153.5 155.0 154.6 154.3 154.0 

ΔHm
d 

[J·g-1] 
-35.9 -26.9 -24.3 16.1 -27.7 -25.3 -27.8 

Tc
e 

[°C] 
- 123.2 123.5 126.2 125.7 126.2 124.5 

ΔHc
f 

[J·g-1] 
- 26.2 22.0 16.6 24.5 21.1 25.0 

Tg
g 

[°C] 
59.8 59.3 59.8 58.4 57.8 59.7 59.8 

χc
 h 

[%] 
38.6 0.7 2.5 0.5 3.5 4.5 3.0 

Porosity 

 
- - - 22.9 29.8 19.1 17.9 

 

a weight average molecular weight; b molar mass dispersity; c melting temperature; d 

enthalpies of melting; e crystallization temperature; d enthalpies of crystallization; g 

glass transition temperature; h calculated crystallinity; i neat PLA processed under 

identical conditions to the corresponding blends; j value obtained from DMA 
measurements. 

 

Mechanical properties 

   Tensile tests were conducted to determine the effect of the additives on mechanical 

properties of the samples. Table. 3. details the tensile strength, elongation at break 

and Young modulus of the pure PLA and PLA base samples. Supplementing neat 

PLA with ALUM subtly enhanced all the mechanical characteristics of the material. 

As anticipated, the mechanical properties of the expanded samples diminished 

significantly in a very similar manner, regardless of their exact composition. This 
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decline was more pronounced than the results published elsewhere [9], which 

investigated the comparable morphology of microcellular PLA specimens. Such a 

deterioration occurred primarily because of the free-space volume contained in the 

expanded samples, thereby deteriorating the integrity of the same, partially reducing 

their molecular weight and diminishing the resultant mechanical properties 

Table. 3. Initial mechanical properties of neat PLA and microcellular PLA. 

Sample 

Tensile strength 

(MPa) 

 Elongation at 

break 

(%) 

  Young’s 

modulus 

(MPa) 

Neat PLA after 

processing 
50.5 ± 2.6 16.7 ± 2.1 788.8 ± 62.9 

PLA-ALUM 60.6 ± 2.6 16.8 ± 0.6 907.4 ± 88.1 

PLA/MSS3 27.1 ± 0.6 10.2 ± 0.5 382.2 ± 34.3 

PLA/MSS5 21.4 ± 0.8 8.2 ± 0.2 321.8 ± 80.0 

PLA/ALUM/MSS3 20.9 ± 0.7 9.2 ± 0.7 345.6 ± 67.6  

PLA/ALUM/MSS5 21.1 ±  1.0 7.3 ± 0.2 569.2 ±25.5 

 

 

Hydrolysis 

   The effects of the additives and microcellular structure on the rate of hydrolysis of 

the PLA-based materials were investigated by GPC and DSC in an aqueous 

environment at 37°C in the presence of a microbial growth inhibiting substance 

(NaN3). 

 

Changes in molecular weight during abiotic degradation 

   GPC measurement was carried out to discern changes in the PLA at a molecular 

level during hydrolysis (Figure 2). Reductions in Mw occurred because of random 

chain scission of the ester bonds, an action that participated in such hydrolysis [13]. 

The Mw reduction rate in  the neat PLA was in agreement with a previous 

investigation [13], which was performed at a temperature beneath the point of glass 

transition. At this temperature, when PLA is in the glassy state, the polymer chains 

are tightly bound to one another resulting in a limited mobility. Therefore, making it 
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much harder for water to penetrate the polymer matrix. Moreover, the kinetics or 

hydrolytic scission of ester bonds by water are reduced significantly. Herein, the 

microcellular materials (PLA/MSS3 and PLA/MSS5) showed a slightly accelerated 

chain scission rate than the neat PLA. This acceleration can be attributed to two 

factors: the lower Mw in the microcellular samples at the beginning of hydrolysis 

and their porous structure enabling effective contact of the polymer material with the 

degradation media. As a result, there was an increase in the effective surface area of 

the samples, allowing water to penetrate the polymer more readily than in the neat 

PLA. Interestingly, the Mw of samples incorporated with ALUM remained largely 

unchanged for about 30 days, after which it decreased at a similar rate as the material 

without the additive. Hence, although the microcellular samples reached a lower Mw 

at the end of the observation period of 140 days, the rate of hydrolysis of the 

microcellular specimens was somewhat comparable with that of the non-expanded 

PLA material. 
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Figure. 2. Molecular weight evolution of the materials during abiotic hydrolysis 

Changes in thermal properties during abiotic degradation 

   Table. 4. illustrates the effect of abiotic hydrolysis (at 0.1 mol L−1, pH 7) on the 

thermal properties of the microcellular samples and contrasts them with those of the 

nonporous materials. The samples were initially highly amorphous [14, 15], but after 

12 weeks, a visible increase in crystallinity was detected in the microcellular samples 

only. This indicated that some newly formed degradation products possessed 
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sufficient mobility to produce a crystalline lattice [14]. Notably, PLA/MSS5 showed 

the highest value for the degree of crystallinity, potentially attributable to the highly 

porous structure of the specimens. The formation of low-molecular-weight 

fragments, caused by chain scission of the ester bonds entrapped in the polymer 

matrix, brought about slight reduction in melting and glass transition temperatures. 

The new oligomers acted as a plasticizer, sufficiently lowering values for Tg [13]. 

This behavior was again more pronounced for the microcellular samples, which was 

in agreement with the findings obtained from GPC analysis. A split in the melting 

peak also appeared at certain sampling times for all the specimens. In the nonporous 

samples, this could be attributed to a different rate of chain scission in the cortex of 

the material, while in the microcellular specimens, the reason is selective degradation 

of the amorphous phase rather than the crystalline part. 

Table. 4. Thermal properties of samples prior to and after abiotic hydrolysis at 

various times. 

Sample Time of 

hydrolysis 

(weeks) 

Tm_1
a 

[°C] 

ΔHm_1
b 

[J·g-1] 

Tm_2
c 

[°C] 

ΔHm_c
d 

 

Tc
e 

[°C] 

ΔHc
f 

[J·g-

1] 

Tg
g 

[°C] 

χc
 h 

[%] 

PLA 

0 152.5 - - -26.9 123.2 26.2 59.3 0.7 

4 152.2 - - -35.9 119.2 34.5 60.0 1.5 

12 149.0 -22.4 156.5 -39.4 110.5 37.9 59.4 1.6 

20 148.1 -14.6 157.3 -40.3 104.6 40.1 58.7 0.2 

PLA-ALUM 

0 153.5 - - -24.3 123.5 22.0 59.8 2.5 

4 152.0 - - -33.0 117.7 31.0 59.2 2.2 

12 148.9 -19.7 156.5 -38.6 109.0 33.6 59.29 5.4 

20 148.1 -15.4 157.0 -42.5 105.1 37.7 58.93 5.2 

PLA/MSS3 

0 155.0 - - -16.1 126.2 16.6 58.4 0.5 

4 151.1 -24.01 157.4 -36.3 114.7 34.18 59.1 2.3 

12 148.9 -12.33 156.8 -38.5 107.7 30.3 59.1 8.7 

20 155.1 - - -41.5 95.4 28.1 56.5 14.4 

PLA/MSS5 0 154.6 - - -27.7 125.7 24.5 57.8 3.5 
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4 152.2 -16.2 158.7 -30.6 114.8 26.2 60.6 4.8 

12 148.6 -17.8 157.1 -41.8 107.7 31.5 58.7 11.1 

20 146.9 -11.0 155.8 -42.8 99.7 28.8 57.7 15.0 

 

PLA/ALUM/MSS3 

0 154.3 - - -25.3 126.2 21.1 59.7 4.5 

4 151.3 -28.1 157.5 -42.7 119.8 39.7 59.3 3.3 

12 148.9 -12.7 157.3 -38.0 106.5 28.7 58.8 10.0 

20 154.5 - - -42.3 94.0 33.4 56.2 9.6 

 

PLA/ALUM/MSS5 

0 154.0 - - -27.8 124.5 25.0 59.8 3.0 

4 152.2 - 155.7 -33.3 117.7 25.3 59.4 8.6 

12 155.8 - - -37.9 103.5 22.6 57.6 16.4 

20 155.7 - - -41.8 952 31.9 56.1 10.7 

a melting temperature of first peak; b enthalpies of melting of first peak; c melting 

temperature of second peak; d total enthalpies of melting; e crystallization 

temperature; f enthalpies of crystallization; g glass transition temperature; h 

calculated crystallinity; 

 

Release of the antimicrobial compound 

   Release of the antimicrobial agent from the PLA samples in phosphate buffer 

solution (pH = 7.4) was investigated to evaluate the effect of the porous structures 

on the stability of ALUM in the polymer matrix. Samples containing ALUM were 

incubated at 37 °C for approximately 120 days in the buffer solution. The release of 

ALUM occurred by the microcellular samples (PLA/ALUM/MSS). Initial rapid 

release occurred around 10 days and followed by a gradual release. The initial release 

can be attributed to the release of ALUM located close to the surface. In contrast, 

nonporous samples exhibited a rapid release of less than 1% of the ALUM over a 

few days, followed by negligible release in the subsequent period (Figure 3). The 

more rapid release observed from the porous samples could be attributed to the 

microcellular morphology of the samples, which possess the larger active surface 

area; this permits faster penetration of water into the polymer matrix and subsequent 

diffusion of ALUM onto the polymer surface. Comparing the two porous samples 

revealed that the initial rapid release of both was almost identical, although the 

release of ALUM during the following phase was slightly more pronounced for 

PLA/ALUM/MSS5, as it contained smaller and more numerous pores in its structure. 
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At the end of the observation period, the cumulative release of ALUM equalled 

approximately 15% and 10% for PLA/ALUM/MSS5 and PLA/ALUM/MSS3, 

respectively, whereas for PLA‐ALUM, it was only about 1%. 

  In point of fact, while the release of an antimicrobial agent from a medical implant 

might diminish the antimicrobial effect of the given material, it could still prevent 

microbial growth in its surroundings. Note that the tolerance of PLA/ALUM was 

very low, hence not visible in Figure 3. 
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Figure. 3. Release of ALUM in phosphate buffer saline (PBS) buffer (pH = 7.4) at 
37°C. 

 

Antimicrobial properties 

   In order to inhibit microorganism growth effectively, their life cycle has to be 

interrupted. Table. 5 shows the reduction in bacterial growth of S. aureus (gram‐

positive) and E. coli (gram‐negative) on the surface of the PLA‐ALUM, 

microcellular PLA/ALUM/MSS3, and microcellular PLA/ALUM/MSS5 specimens 

after 24 hours of incubation at 35 ± 2 °C. In general, PLA-ALUM specimens showed 

no alteration in bacterial growth. Whereas, microcellular specimens showed 

promising results at inhibiting the growth of the tested bacterial strains. As can be 

seen in the table ALUM shows effective antimicrobial activity against the gram-

negative bacteria (E. coli), as compared to a gram-positive (S. aureus). Gupta et al, 

reported that ALUM could be considered an effective antimicrobial agent against the 
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gram-negative bacteria, in comparison with a gram-positive. This phenomenon 

occurs because of the differences in the membrane structure and thickness of the 

peptidoglycan layer in gram-positive and gram-negative microorganisms [16-19]. 

Some studies reported that MSS showed antimicrobial activity against E. coli and S. 

aureus; therein, the value of CR rose as a consequence of increasing the amount of 

MSS [20]. This means that synergic effects could be expected from ALUM and MSS. 

Surprisingly, only PLA/ALUM/MSS5 showed a noticeable drop in reduction of CFU 

(CR) against E. coli. This can be attributed to smaller and more numerous pores of 

the specimens that may affect the results of the applied testing procedure (ISO 

22196). However, the obtained results showed antibacterial effects of both 

PLA/ALUM/MSS3 and PLA/ALUM/MSS5 samples 

Table. 5. Reduction in colony forming units (CR) effected by of pure PLA-ALUM, 

microcellular PLA/ALUM/MSS3, and microcellular PLA/ALUM/MSS5 

sample CR (%) 

E. coli CCM 4517 

CR (%) 

S. aureus CCM 4516 

PLA-ALUM 100 100 

PLA/ALUM/MSS3 93 98 

PLA/ALUM/MSS5 64 97 

 

CONCLUSION 

This work focused on preparing and characterizing of antibacterial, microcellular 

polymeric material based on PLA, utilizing potassium aluminum sulfate 

dodecahydrate (ALUM) as an antimicrobial agent and monobasic sodium salts as a 

blowing agent. Morphological analysis of the surface of specimens revealed that 

adding ALUM instigated greater cell density in the polymer matrix and reduced 

average cell size. Tests demonstrated that mechanical properties of microcellular 

PLA were diminished because of microcellular morphology, and hydrolysis 

acceleration took place due to increasing the effective surface area of the 

microcellular PLA, thereby evidencing a rapid reduction in molecular weight by 

approximately 43% in comparison with neat PLA. The microcellular PLA samples 

exhibited accelerated degradation, primarily due to their microcellular structure, 

facilitating better penetration of the buffer solution into the structure of samples. 

Furthermore, the release of an antimicrobial compound and subsequent antimicrobial 

activity against S. aureus and E. coli were evaluated. It was confirmed that the rate 

of release in PLA/ALUM/MSS5 (15 %) was higher than in other samples (10 %, 
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PLA/ALUM/MSS3), as a consequence of its microcellular morphology and more 

numerous pores in its structure. Finally, it was demonstrated that ALUM proved 

effective antimicrobial activity against the gram-positive and gram-negative bacteria 

utilized, although its effect was greater against the latter of the two. 
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2.2. Preparation and characterization of polylactide-based porous 

systems mat for wound dressing application 

 

Preparation of the porous mats  

   The organic phase was 2% PLA in chloroform solution and the aqueous phase was 

0.1% PVA aqueous solution. Different salt concentrations were added to the aqueous 

phase (10 g/L NaCl and 0.4 mg/L KMnO4). The resultant organic solution was 

sprayed onto the PVA aqueous solution at the rate of 4 mL/min under moderate 

magnetic stirring (600 rpm) and 1 bar air-pressure at room temperature to form an 

oil in water (O/W) emulsion. Subsequently, stirring was maintained overnight in 

order to evaporate the chloroform. Next, the product was washed three times with 

deionized water (DI) and filtered. The loading of GS was performed by dissolving 

GS in DI water and dispersing the filtered product into the solution of GS and DI 

water. The final product was then frozen. In the final step, the frozen sample was 

lyophilized. Figure 4 shows the schematic diagram of the surface liquid spraying 

process.  

 

 

 

 

 

 

 

Figure. 4. Scheme of Surface liquid spraying process. 

Thermal treatment of the porous mats  

   In order to study the effect of thermal treatment, the porous mats were placed in an 

oven (Memmert, Germany) at 80°C for 2 minutes. The mats were then kept in the 

silica gel containing desiccator. Subsequently, thermal treated mats were then 

subjected to the various characterization tests as described below. 
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Results and discussion 

Attenuated Total Reflection Fourier-transform infrared (ATR-FTIR) 

spectroscopy 

  The ATR-FTIR spectroscopy analysis was carried out to investigate the structural 

changes of mats based on PLA, PVA, and different salts before and after thermal 

treatment at the molecular level. The FT-IR spectra of mats are shown in Figure. 5. 

The PLA-PVA mats show some characteristic peaks identified by the strong infrared 

absorption band in the region of 1650–1754 cm−1, which corresponds to the 

stretching vibration of the carbon-oxygen double bond. The band at 1187 cm-1 is 

assigned to the stretching vibration of the carbon-oxygen bond. The two peaks 

around 1448 and 1373 cm-1 correspond to the methyl groups of the PLA-PVA mats. 

Moreover, the high intensive peak that is positioned at 3399 cm-1 corresponds to the 

stretching vibration of the oxygen-hydrogen bond[21-23]. Figure. 5. illustrates that 

the intensity and position of the absorption peak of the hydroxyl group changed with 

the addition of salts and the thermal treatment. Addition of KMnO4 to the mat caused 

the disappearance of the OH peak in the FT-IR spectra, which indicates the oxidation 

of PVA to polyvinyl ketone (PVK). The formation of corresponding ketone is due to 

the fact that KMnO4 is a strong oxidizing agent[24-26].  

 

 

Figure. 5. FT-IR spectra of PLA-PVA (a), PLA-PVA (T) (b), PLA-PVA/KMnO4 (c), PLA-

PVA/KMnO4 (T) (d), PLA-PV/NaCl (e), PLA-PVA/NaCl (T) (f) mats. 
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  In the case of the addition of NaCl, the hydroxyl peak in PLA-PVA/NaCl mat is 

weaker than it is in PLA-PVA mat and its position was shifted slightly toward a 

higher frequency (3430 cm-1). This can be attributed to a higher degree of hydrogen 

bonding in the PLA-PVA mat, because hydrogen bonding is disrupted by the 

addition of NaCl [27]. The thermal treated PLA-PVA and PLA-PVA/NaCl mats 

show that the hydroxyl peak has a lower intensity in comparison with the non-

thermal treated mats[28]. In case of the thermal treated PLA-PVA/KMnO4 mat, the 

OH peak in the FT-IR spectra appear and it is shifted to a higher wavelength from 

(3353 cm-1). This can be explained by the partially formation of the carboxylic acid 

group due to the elevated temperature in the presence of KMnO4 [29, 30].  

 

Thermal properties 

  DSC analysis of the porous mats was carried out to study the effects of the thermal 

treatment and salts on the thermal behavior of the mats. The correlated thermal 

properties of the mats are summarized in Table. 6. As expected, crystallinity (χc) 

increased after the thermal treatment of the mats[31]. The Tg of the mats did not 

demonstrate any significant changes after the thermal treatment as shown in Figure. 

6. Furthermore, Tm, and Tc values were not affected by the thermal treatment and 

were in agreement with the published literature values [31, 32]. Increase in the 

concentration of NaCl caused significant reduction in crystallinity, which could be 

attributed to the fact that high NaCl content impedes PLA chain mobility and thereby 

prohibits crystallization[33]. According to the literature, the oxidation of PLA and 

PVA by KMnO4 caused a decrease in crystallinity [34, 35]. Moreover, the addition 

of salts induced a decrease in Tc, an increase in Tm (consistent with the results given 

in[36]), and showed no difference in the Tg values. 

Table. 6. Selected material-related properties of the mats before and after thermal 

treatment.  

 Untreated After thermal treatment 

Sample/property PLA-

PVA 

PLA-

PVA/KMnO4  

PLA-

PVA/NaCl 

PLA-

PVA 

PLA-

PVA/KMnO4 

PLA-

PVA/NaCl 

χc 5.1 4.9 0.7 8.8 5.3 3.0 

Tg 61.9 62.0 62.0 61.1 61.7 61.2 

Tc 129.9 118.3 115.4 130.4 118.1 114.4 

Tm 164.3 167.4 168.0 164.6 167.5 167.0 
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Figure. 6. DSC curves of porous PLA mats. 

 

Measurement of porosity  

  The study of the porosity of wound dressing is a very important factor as it affects 

the absorption capacity of exudates from the wound, which can reduce the 

probability of infection[37]. As shown in Table. 7, all the mats showed a porosity 

ranging between 68 - 94 %. These results indicate that the porosity was increased 

with the addition of the salts. A higher salt concentration led to increase in the porous 

structure, resulting in an irregular and spongier shape[38]. However, the total 

porosity of the mats slightly decreased after the thermal treatment[39-41]. The graph 

clearly shows that non-thermal treated mats with the highest concentration (10 g/L) 

of NaCl possessed the highest porosity (94%), whereas there was a reduction of 

porosity (92%) for thermal treated mat with the same concentration of NaCl. 

Addition of KMnO4 to the mat also followed the same trend as NaCl in terms of 

porosity. It is worth noting that the thermal treated mat without salt (neat mat) 

showed the lowest levels of porosity (68%). 

Table. 7. Porosity measurements of porous mats after 24 h of immersion in ethanol 

at room temperature.  
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 Untreated After thermal treatment 

Sample PLA-

PVA 

PLA-

PVA/KMnO4  

PLA-

PVA/NaCl 

PLA-

PVA 

PLA-

PVA/KMnO4 

PLA-

PVA/NaCl 

Porosity 69.87±2.1 

 

78.77±4.2 

 

94.1±1.5 

 

68.1±1.2 

 

75±0.94 

 

92.86±0.54 

 

 

Morphology of the porous mats 

  The optical photographs PLA-PVA porous mat is shown in Figure. 7. PLA-PVA 

has white appearance with a smooth surface. Scanning electron microscopy (SEM) 

was used to investigate the effects of the addition of salts and thermal treatment on 

the morphology of porous mats. As can be observed from Figure. 8, the PLA-PVA 

mat show a disordered, interconnected pore-like structure with a rough surface. 

However, high resolution SEM analysis shows (Figure. 9 (a)) that the neat PLA-PVA 

mat, has fracture-like characteristics with almost no holes or pores. The addition of 

10 g/L NaCl to the mats led to formation of more porous structures 

with interconnected pores with varying pore size in the range of 0.2 - 7 µm (Figure. 

9 (b)). As can be seen from Figure. 9 (c), the addition of 0.4 mg/L KMnO4 to the 

mat led to formation of a porous structure in a range of 0.4 - 4 µm. However, 

comparing Figures 9 (b) and 9 (c) leads to two main observations: (1) the addition of 

10 g/L NaCl to the mats led to formation of more porous structures compared to the 

addition of 0.4 mg/L KMnO4 to the mats; and (2) the addition of different salts leads 

to the formation of different shapes and sizes of the pores. It is likely that the size 

and shape of the pores are different due to the oxidation of PVA by KMnO4 

(discussed in FT-IR analysis section) in the case of PLA-PVA/KMnO4. Pore 

formation of the mats containing salts can be attributed to its osmotic properties in 

aqueous phase, which has already been demonstrated by other authors[38, 42]. The 

mats that have been subjected to thermal treatment present smoother surfaces with 

fewer fractures and less porosity (Figure. 9). These results were consistent with other 

studies[40, 41].   
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Figure. 7. Photographic appearance of  Figure. 8. SEM image of PLA-PVA 

PLA-PVA porous mat.   porous mat 

  

Figure. 9. SEM images of the porous mats: (a) PLA-PVA, (b) PLA-PVA/NaCl, (c) PLA-

PVA/KMnO4, (d) PLA-PVA (T), (e) PLA-PVA/NaCl (T), and (f) PLA-PVA/KMnO4 (T). 

 

Swelling test 

  The degree of swelling is mainly dependent on the porosity and hydrophilicity of 

the mats[43, 44]. This property of the mats plays an important role in acceleration of 

wound healing as it absorbs exudates and fluids secreted from the wound and 

provides a moist environment in the wound area[45, 46]. Figure. 10 shows the 

swelling behaviour of the mats. It was observed that increasing porosity led to an 
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increase in the swelling degree. The highest swelling degree obtained by the non-

thermal treated PLA-PVA/NaCl mat. This can be attributed to the high porosity 

percentage of PLA-PVA/NaCl compared to other mats (Table. 7). The lowest 

swelling degree was obtained from thermal treated neat PLA-PVA mat due to its  

lowest porosity and relative high crystallinity[47]. The higher swelling degree of 

thermal treated PLA-PVA/KMnO4 mat compared to non-thermal treated PLA-

PVA/KMnO4 mat may be attributed to the formation of carboxylic acid group by 

oxidation of PVK in the presence of KMnO4 at an elevated temperature (80°C). 

Therefore, the higher swelling degree of thermal treated PLA-PVA/KMnO4 mat is 

attributed to the higher polarity and hydrophilic character of the carboxylic acid[36, 

48, 49].  

 

 

 

 

 

 

 

 

 

Figure. 10. Swelling studies of the porous mats in PBS with pH 7.4 at 37°C. 

 

Water solubility 

  The water solubility of a polymer is a key factor in wound dressing applications, as 

the rate of degradation or hydrolysis takes place simultaneously with the wound 

healing process. If the degradation of the wound dressing occurs before the 

completion of the wound healing process, the wound dressing will need to be applied 

on the patient several times. This will not only cause discomfort but will also impose 

extra costs on the patient [50]. The water solubility assessment was performed by 

calculating the weight loss of the mats in DI water after 24 h. Water solubility of the 

mats ranges from 2% for thermal treated PLA-PVA and 10% for non-thermal treated 

PLA-PVA/NaCl as indicated in Table. 8. These results reveal that water solubility 

increases by increasing the amount of the salts in the mats. This increase in water 

solubility can be attributed to an increase in the porosity of the mats by the addition 
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of salts. More porous structures allow and retain a higher number of water molecules 

in their structure [50, 51]. It is worth noting that all the mats kept their initial shape 

even after 24 h. Notably, the thermal treatment of the mats did not significantly affect 

the values of water solubility.  

Table. 8. Water solubility measurements of the porous mats in DI water after 24 h at 

37°C. 

 

 

Water vapour transmission rate (WVTR) 

  Water vapour transmission rate is the measurement of the amount of water lost 

through the dressing material [37]. An ideal wound dressing material should protect 

the wound from dehydration, which will occur due to high WVTR. It should also 

protect the wound from accumulation of exudate and the risk of bacterial growth 

caused by low WVTR [52, 53]. To maintain a moist environment for better wound 

healing the optimal range of WVTR for wound dressing material is 2000 - 2500 

(g/m2.day) [54, 55]. As shown in Table. 9, the measured value WVTR of the mats 

were in the range of 2115 - 2287 g/m2.day. As previously mentioned, the addition of 

salts increased the porosity of the mats. This increase in the porosity is the main 

reason for the observed increase in values of the WVTR in PLA-PVA/NaCl and 

PLA-PVA/KMnO4 mats. The thermal treatment of the mats did not affect the values 

of WVTR.  The obtained WVTR results demonstrate that the mats are suitable for 

wound dressing applications [54, 55]. 

Table. 9. Water vapour transmission rate of the porous mats. 

 

 

 

 Untreated After thermal treatment 

Sample PLA-

PVA 

PLA-

PVA/KMnO4  

PLA-

PVA/NaCl 

PLA-

PVA 

PLA-

PVA/KMnO4 

PLA-

PVA/NaCl 

Water 

solubility 

4.09±0.00 

 

6.50±0.20 

 

10.87±0.18 

 

2.67±0.25 

 

7.36±0.18 

 

9.41±0.50 
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 Untreated After thermal treatment 

Sample PLA-PVA PLA-

PVA/KMnO4  

PLA-

PVA/NaCl 

PLA-PVA PLA-

PVA/KMnO4 

PLA-

PVA/NaCl 

WVTR 2146.01±19

.48 

 

2214.16±20.9

4 

 

2287.61±25

.31 

 

2077±18.6

5 

 

2207.08±24.4

5 

 

2259.3±21.

35 

 

 

In-vitro drug release studies 

  An ideal antimicrobial wound dressing should sustain a long period of controlled 

drug release in order to accelerate the healing process and to avoid frequent changing 

of the dressing [29]. Gentamicin sulfate as an antibiotic agent was loaded into the 

PLA-PVA mats. The effect of the addition of different types of salts and thermal 

treatment on entrapment efficiency (EE), loading capacity (LC), and in-vitro were 

studied. Tang et al. reported that the EE of drugs in the surface liquid spraying 

method is higher than the EE of drugs in traditional emulsion solvent evaporation 

method [56]. Therefore, liquid spraying method was used to obtain a higher EE.  As 

shown in Table. 10, the surface liquid spraying method resulted in a high entrapment 

efficiency of the drug (90.11%). Furthermore, the addition of salts increased the EE. 

This could be attributed to changing the aqueous solubility of the organic solvent by 

salt [57, 58]. This could also be explained by increasing the porosity of the mats due 

to the addition of salts as mentioned in the porosity measurement section [38, 59]. 

While the thermal treatment did not significantly impact the EE, this was not the case 

for the PLA-PVA/NaCl. This could be attributed to the reduced porosity of PLA-

PVA/NaCL due to the thermal treatment. Table 10 demonstrates that the addition of 

salts and thermal treatment did not affect LC (%), which can be attributed to the 

strong dependency of LC on the polymer weight ratio.  

Table. 10. EE and LC of the porous mats before and after thermal treatment. 
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 Untreated treatment After thermal treatment 

PLA-

PVA 

PLA-

PVA/KMnO4  

PLA-

PVA/NaCl 

PLA-

PVA 

PLA-

PVA/KMnO4 

PLA-

PVA/NaCl 

EE 

(%) 

90.11±0.21 92.08±0.06 97.57±0.03 92.38±0.49 93.52±0.46 86.7±0.4 

LC 

(%) 

4.5±0.01 4.6±0.003 4.8±0.001 4.6±0.02 4.7±0.02 4.32±0.02 

 

The addition of salts to the polymer has a crucial effect on the initial burst release 

and the porosity of the mats. The initial burst release and the porosity of the mats 

varies depending on the salt concentration [38]. The in-vitro release profiles of 

antibiotics from the wound dressings are displayed in Figure. 11.  PLA-PVA/NaCl 

mat exhibited the highest initial burst release due to the highest salt concentration 

and porosity. The cumulative drug release was around 82 %. The burst release rate 

during the first 24 hours in PLA-PVA/NaCl mat can be attributed to the fact that the 

aqueous environment washed all the drug from the surface and other nearby drug 

and was removed through the pores of the polymer matrix [59, 60]. In comparison 

with PLA-PVA/NaCl mat, thermal treated PLA-PVA/NaCl mat, showed an initial 

burst release of drugs during the first 6 hours of around 11%. This clearly showed a 

reducing initial burst release followed by a gradual release in a decreasing rate over 

time with around 50% release of the drug during 14 days. These results are consistent 

with the results of other groups where thermal treatment was employed as a tool for 

prolonging the release of the drug. Moreover, thermal treatment of polymer at 

temperatures above Tg reduced the drug release rate [61, 62]. This can be attributed 

to the fact that thermal treatment increases the crystallinity of the polymer, in which 

crystalline domains function as a physical barrier, leading to slower diffusion of the 

drug [31]. As a result, thermal treatment of the PLA-PVA/NaCl mat causes the 

sustained release of GS. However due to the heating of the mats above Tg (80°C) the 

drug release rate was reduced. 

   As shown in Figure. 11, for PLA-PVA/KMnO4 mat, the initial burst release of 

drugs during the first 24 hours was only approximately 20%, followed by a gradual 

and constant release of GS over 14 days. The cumulative drug release was 33%. 

However, thermal treated PLA-PVA/KMnO4 mat showed an initial burst release of 

around 12 % during the first 6 hours followed by a fast sustained release profile 

around 61% over 14 days. As can be seen in the Figure, the cumulative drug release 

rate of heat treated PLA-PVA/KMnO4 mat had a higher release rate in comparison 
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with PLA-PVA/KMnO4 mat. This could be explained by the formation of PVK as 

the result of the interaction between KMnO4 and PVA. Thermal treating of PLA-

PVA/KMnO4 mat caused partial oxidation of the formed PVK by KMnO4, and as a 

result formation of carboxylic acid groups. Carboxylic acids have a higher polarity 

and hydrophilic character in comparison with ketones (PVK) [36, 48, 49]. Therefore, 

thermally treated PLA-PVA/KMnO4 mat have a relatively higher hydrophilicity as 

compared to non-thermal treated PLA-PVA/KMnO4 mat. This higher hydrophilicity 

causes PBS to permeate more freely into thermal treated PLA-PVA/KMnO4 mat than 

it can permeate into the PLA-PVA/KMnO4 mat. Hence, although thermal treatment 

of the PLA-PVA/KMnO4 mat led to a decrease in the porosity, its higher relative 

hydrophilic character caused the higher cumulative release rate. 

For the neat PLA-PVA mat, the initial burst release occurred during the first 6 hours 

followed by a slow and gradual release at around 58% over 14 days (Figure. 11). The 

thermally treated neat PLA-PVA mat exhibited the initial burst release in the first 6 

hours at around 14% and the cumulative drug release was 20%. This means that the 

thermally treated neat PLA-PVA mat could not release the drugs and kept the drug 

inside the mat. This can be attributed to the less porous structure and relatively higher 

crystallinity of the mat [63].  

 

 

Figure. 11. In-vitro release profiles of porous mats loaded GS in pH 7.4 at 37°C. 

 

 

 



32 
 

CONCLUSIONS 

Polymeric porous mats of PLA-PVA were prepared in this study by a slightly 

modified form of surface liquid spraying method. The effects of the addition of 

different salts (NaCl and KMnO4) and thermal treatment (80 °C for 2 min) on the 

mats were investigated. The SEM results indicated that prepared mats had 

interconnected porous structures and the addition of salts considerably enhanced the 

porosity of the mats. Moreover, the swelling degree and water solubility of mats were 

increased due to the increase in porosity. The in-vitro release of gentamicin sulfate 

was studied and it was shown that a higher entrapment efficiency and initial burst 

release was achieved by the addition of salt to the aqueous phase. Additionally, the 

thermal treatment of the polymer above Tg reduced the initial burst release and 

prolonged the release of the drug. Finally, it worth noting that the procedure 

suggested in this study to prepare mats is cost-efficient and non-toxic, since all the 

solvents can be easily and completely removed. Therefore, the novel PLA-PVA mats 

developed in this work could be a potential candidate for wound dressing 

applications in the future. 
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SUMMARY OF WORK  

   Polyesters are wildly used biodegradable polymers in biomedical applications such 

as drug delivery, cancer therapy, wound dressing, surgical use, and more. However, 

due to their intrinsic properties, such as hydrophobicity, polyesters should be 

modified in order to fine tune their use in some applications. Poly (lactic acid) is an 

environmentally-friendly polyester that has drawn attention over the past few 

decades owing to its suitable biocompatible, biodegradable and bioactive properties. 

PLA is highly hydrophobic polymer, therefore, one approach to address this issue is 

blending with another material to make pours structure. In this way porosity is 

increased and this in turn, increases the contact surface of the polymer. 

      According to the current state of knowledge, the overview of hydrophobic issue 

was drawn in the theoretical part, and research aims of work were defined. On the 

basis of this, the experimental part was devoted to the preparation of different PLA-

based porous system for biomedical applications.  

   In this thesis, the first project focused on preparing and characterizing antibacterial, 

microcellular polymeric material based on PLA, utilizing potassium aluminium 

sulfate dodecahydrate (ALUM) as an antimicrobial agent and monobasic sodium 

salts as a blowing agent. Morphological analysis of the surface of specimens revealed 

that adding ALUM instigated greater cell density in the polymer matrix and reduced 

average cell size. The results showed increasing porosity in the polymer matrix led 

to an increase in release of ALUM. Moreover, porous samples showed effective 

antimicrobial activity against E. coli in comparison with S. aureus.  

  In the second project polymeric porous mats of PLA-PVA were prepared by surface 

liquid spraying technique. The SEM results indicated that mats had interconnected 

porous structures and the addition of salts considerably enhanced the porosity of the 

mats. The in-vitro release of gentamicin sulfate was studied and it was shown that a 

higher entrapment efficiency was achieved by the addition of salt to the aqueous 

phase. 
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