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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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1. THEORETICAL BACKGROUND 

 

1.1. BIODEGRADABLE POLYESTERS 

   The term polyester refers to a polymer containing repeated units of ester within its 

backbone. They can be obtained by different types of reactions. However, 

polyesterifications between diols and dibasic acids are the most important types of 

reactions [6]. Ester functional groups are involved in the main chain or through a short 

side-chain [7]. Their general formula is: 

 

 
 

Figure 1. Scheme of chemical structure of ester group [7]. 

In most cases, polyester is synthesized by either polycondensation or by ring-opening 

polymerization. Each method gives different degrees of molecular weight, 

stereochemical structure, and molecular weight distribution. Polyesters produced by 

polycondensation show poor control of molecular weight, and broad polydispersity 

index. Nevertheless, the low-price of production, low sensitivity to water and air and 

eco-friendly experimental conditions make this method favourable. High-molecular 

weight with high crystallinity polyesters is synthesized by a catalytic ring-opening 

procedure. Besides, enzymatic and bacterial synthesis are available as well. For instance, 

polyhydroxyalkanoates (PHA) are a group of polyesters produced by microbial 

fermentation [5, 8-10].  

 

1.1.1. Aliphatic polyesters 

    Aliphatic polyesters are mostly biodegradable and biocompatible, and some of them 

are bioresorbable. The bioresorbable was introduced to qualify compounds through 

elimination of degradation by-products by natural pathways (metabolization or kidney 

filtration). Hence, bioresorption is elimination of the initial foreign material with no 

residual side effects. Bioresorbable polyesters have benefits to certain medical 

applications. The polymers can be altered to degrade at a specified rate, useful in cases 

where the body needs temporary support in tissue healing [11-13].  
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    Intrinsic properties of polyesters and their adjustable mechanical properties result in 

the broadening of their application in the biomedical field[8, 14-16]. Aliphatic 

polyesters mainly are high-melting and semicrystalline. Their physical properties mostly 

depend on the flexibility of the chain, degree of branching, the composition of repeat 

units, molecular mass, presence of polar groups, and crystallinity. The physical 

properties of aliphatic polyesters can be tailored by copolymerization, blending, and 

change in the macromolecular architecture [3]. In table 1., mechanical performance of 

cartilage, cardiovascular tissues, and bone, which have been treated with polyester-

based implants, are summarized. 

   Table 1. Mechanical properties of the biodegradable polyesters and a few tissues and 

commercially available biomaterials [8]. 

Material Type Tensile modulus        

(E, MPa) 

Ultimate tensile 

strengh  

(бm, MPa) 

Elongation 

at break  

(εm, %) 

Reference 

Tissues Bone 

(Trabecular) 

483 2 2.5 [17] 

Cartilage 10-100 210-40 15-20 [18] 

Cardiovascular 2-6 1 1200 [19] 

Medical 

devices 

Mg-based 

orthopaedic 

screw 

Not reported ~200 ~9 [20] 

suture ~850 ~37 ~70 [21] 

Medical mesh 

(Vicryl®) 

4.6±0.6 (stiffness 

N/ mm) 

78.2±10.5 

(maximum force 

N/ cm) 

150 ± 6 [22] 

Polyesters PGA 7000-8400 890 30 [23] 

PLGA(50:50) ~2000 63.6 3-10 [24, 25] 

PLA 3500 55 30-240 [26] 

PHB 3500 ~40 5-8 [27] 

PPF 2000-3000 3-35 20.3 [28-30] 

PCL ~700 4-28 700-1000 [23, 24] 

PPC 830 21.5 330 [31] 

PBS ~700 ~17.5 ~6 [32] 
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Polylactic acid (PLA) 

Polylactid acid is one of the most promising biodegradable, biocompatible, and 

bioresorbable aliphatic polyesters (Figure 2). PLA is synthesized from bio-based 

renewable resources such as corn, however, it can also be produced from petrochemicals. 

PLA is obtained by direct condensation, ring-opening polymerization and by direct 

methods like azeotropic dehydration and enzymatic through a lactide intermediate, as 

illustrated in Figure 3 [10, 14, 33-35].   

As a bioabsorbable polymer, PLA has a proven potential to replace conventional 

petrochemical-based polymers for industrial applications [36]. PLA is a thermoplastic 

polyester which can be synthesized in either amorphous or crystalline form. This is 

caused by the stereoregularity of the monomer (lactic acid or cyclic dimer lactide), 

therefore there are 3 different PLA forms, PDLA, PLLA, and PDLLA. These three forms 

of PLA have different properties depending on their isomer composition. While PDLLA 

is completely amorphous, PLLA is a crystalline polymer. For example owing to 

crystallinity of poly (L-lactide) possesses better mechanical properties than poly (DL-

lactide)[37, 38].  

 

 

 

Figure 2 - Chemical structure of PLA [37] 

   Generally, PLA is a brittle and hard polymer with high mechanical properties and glass 

transition temperature between 55°C-65°C and a melting point around 160°C-170°C. It 

has low extension, good tensile strength, high modulus, which can also form high 

strength fibres. It degrades homogeneously by hydrolytic erosion as well as random 

scission of the ester linkages. The degradation time depends on the porosity, molecular 

weight, and crystallinity1 [7, 37].  

   PLA is considered a versatile polymer that has been used in numerous applications. In 

1970, PLA based materials have been approved by US Food and Drug Administration 

(FDA) for direct contact with biological fluids and also for producing materials in contact 

with food [23, 39-41]. A variety of PLA blends have been employed for various 

biomedical applications such as drug delivery, sutures, implants, and tissue engineering. 
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PLA is also the only member of the polyester family that has been employed for load-

bearing applications such as orthopedic plates and screws [8]. 

    In addition, due to having a very favourable eco-friendly image and recycling, the rate 

of consumption is enhancing in environmental applications such as packaging and 

consumer goods [6, 15, 42]. Moreover, PLA becomes an adequate candidate for the 

application of packaging for short service life goods or fresh food, including lamination 

filming, overwrapping, and blister packaging [43]. The appropriate properties of PLA 

and the demand to find a commercially viable degradable plastics has led to the large-

scale production of PLA for a broad range of compostable materials [23, 40, 41]. 

 

 

Figure 3. Main routes for the synthesis of PLA [14]. 

 

 

Polyglycolic acid (PGA) 
 

      PGA is the first biodegradable synthetic polymer employed in biomedical 

applications. It is biocompatible and bioresorbable aliphatic polyester which has gained 

FDA (US Food and Drug Administration) approval for clinical use (Figure 4). PGA is a 

hydrophobic polyester, highly crystalline, which has a high melting point and relatively 
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low solubility in organic solvents. It is degraded through bulk erosion with random 

hydrolysis of ester linkages. The hydrolysis starts by the amorphous phase, followed by 

the degradation of the crystallized section. Degradation products eventually eliminated 

from the body in the form of water and carbon dioxide [7, 28, 37, 44] 

 
 

 

Figure 4 - Chemical structure of PGA [37]. 

    Ring-opening polymerization of the cyclic diesters glycolide is most commonly used 

to synthesize high-molecular-weight PGA. However, the low-molecular-weight of PGA 

has also been synthesized by direct polycondensation in the presence of water [45]. 

    PGA-based biomaterials are mainly used for the fabrication of absorbable sutures and 

drug delivery carriers due to its fast degradation in vivo. It is widely used as a polymer 

for scaffold due to relatively hydrophilic nature and also employed for tissue engineering 

[8, 28, 44]. 

 Poly (lactic-co-glycolic acid) (PLGA) 

    The physical and mechanical properties of the PLGA are controlled by the co-

monomers (glycolide and lactide). Both the DL- and the L-lactides were employed for 

co-polymerization (Figure 5). Different ratio of monomers results in polyesters of tailor-

made properties. While PLA and PGA tend to be crystalline, their copolymers are highly 

amorphous, owing to chain irregularity caused by the presence of a second component 

[7, 37]. 

 

 

 

 

Figure 5 - Chemical structure of PLGA [7]. 
 

    The PLGA undergo bulk erosion by hydrolysis of the ester bonds and degradation rate 

could be reduced by increasing the lactic acid ratio. It is interesting that, for instance, a 

copolymer containing DL-lactide and glycolide (1:1) degrades faster than either 

homopolymer [7, 37]. 
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    Indeed, PLGA has become a promising option for the production of absorbable 

medical devices, drug carriers, and drug-eluting stents, due to the excellent stents and 

drug carriers and compatibility with the human body [46]. 

Poly(ε-caprolactone) (PCL) 

    PCL is biodegradable petroleum-based polyester with a low glass transition 

temperature (Tg) of -60 °C and melting point (60 °C). It is partially-crystalline with 

rubbery and highly processable structure (Figure 6); it dissolves in a broad range of 

organic solvents and can form miscible blends with a broad range of polymers. PCL is 

an interesting polyester as the monomer is cheap, it is synthesized by ring-opening 

polymerization of (ε-caprolactone) using a catalyst such as an octoate [7, 8, 37, 38, 47]. 

 

 

 

Figure 6 - Chemical structure of PCL [7] 

    The degradation occurs owing to the presence of a hydrolytically labile aliphatic ester 

bond, however, the degradation rate is slow. Moreover, the actions of the bacteria broadly 

distributed in the ecosystem highly impact the environmental degradation of PCL. Some 

published papers suggest that some yeasts and filamentous fungi can hydrolyse PCL into 

products that are soluble in water. For instance, according to the literature, Pullularia 

pullulans can effectively degrade the lower molecular weight of PCL film (Mw=1,250). 

However, the extent of the decomposition of a PCL film with Mw above 15,000 by the 

fungus was negligible. In order to efficiently degrade PCL with higher Mws, Penicillium 

sp. yeast and strain can be used [7, 8, 47, 48]. 

     PCL has been broadly considered for biomedical field including drug delivery and 

tissue engineering and it also has remarkable drug permeability. Its compatibility with a 

great number of drugs enables uniform drug distribution in the formulation matrix, and 

its long-term degradation takes several months. PCL was studied commonly for tissue 

engineering applications too, such as scaffold for bone tissue engineering [7, 8, 46, 47].  
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Poly(hydroxylalkanoates) (PHAs) 

    PHAs are synthetic biodegradable and biocompatible polyesters that can be chemically 

synthesized and, can also be biosynthesized with the fermentation of microorganisms 

(Figure 7) [8, 49, 50]. 

 

 

 

Figure 7 - Chemical structure of PHAs [50]. 

 

    PHB and PHBV are the most researched forms of the PHA family for biomedical 

applications owing to their adjustable mechanical properties. The slower hydrolysis rates 

of microbially produced polyesters confirm that PHB and PHBV can be employed to 

extend the range of drug delivery systems. PHBV has been used for drug delivery both 

as microcapsules and as a tablet. Generally, PHAs have been used to develop various 

devices, such as cardiovascular patches, and orthopaedic pins, sutures, tendon, and 

articular cartilage, tissue engineered nerve, repair patches, and adhesion barriers [5, 8, 

44].  

    The main limiting factors for the medical applications of the PHA family are 1) 

minimal cell interaction capacity, 2) low ultimate tensile strain. To tackle these issues, 

these polymers have been blended with numerous synthetic and other natural polymers 

[5, 8, 49]. 

    The biodegradation of PHB and other PHA derivatives arises through the hydrolysis 

of the ester linkage. PHB degradation mechanisms are enzymatic or hydrolytic, and 

thermal. Hydrolytic degradation of PHB releases 3HB, which is a normal metabolite in 

human blood; hence, in the absence of endotoxin, the biodegradation of PHB produced 

by bacteria does not cause any physiological reaction [8, 50].  

 

Polydioxanone (PDO) 

    PDO is poly(ether-ester), it is not a pure polyester (there is an ether bond in the main 

chain). PDO is a semi-crystalline polymer (up to 55%) with a melting point around Tm ~ 

60°C and glass transition point Tg ~ 0°C [37] (Figure 8). 
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Figure 8 - Chemical structure of PDO [37]. 

PDO degradation is through non-specific scission of the ester backbone. Owing to 

the high hydrophobicity and crystallinity, it is a moderately degrading polymer. It is 

frequently used as a suture in surgical applications [7, 37]. 

 

1.1.2. Aromatic polyesters  

This polyester group constitutes amorphous glass transition temperature (high-Tg)  

co-polyesters, entitled amorphous polyarylates, and semicrystalline polyesters that 

frequently show anisotropic liquid crystalline (LC) melts. Aromatic polyesters that do 

not have any flexible structure units are very high melting polymers or frequently 

nonmeltable, which cannot be processed. Wholly aromatic co-polyesters show 

excellent mechanical properties and heat resistance, therefore, they are used as high-

performance thermoplastics.  

Wholly aromatic liquid crystalline polyesters degrade at 450-550 °C by the 

homolytic scission of ester bonds and emit CO, CO2, and phenol [6, 51, 52]. 

 

1.2. BIODEGRADABLE ROUTES OF POLYESTERS 

    Biodegradable polymers refer to polymers, which degrade in the biological 

environment, such as any condition where biochemical or biological processes take 

place, irrespective of the degradation mechanism [7]. The biodegradability of polymers 

depends mostly on its main chain structure and the presence of hydrolysable or 

oxidizable linkages. The concept of biodegradation is illustrated in Figure 9.  
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Figure 9. Diagrammatic representation of the chemistry of biodegradation [40]. 

Polymers containing hydrolysable groups, like esters, are more susceptible to 

biodegradation by hydrolysis.  When polyesters are placed in an aqueous medium, the 

cleavable ester bonds of polymer hydrolyse into the carboxylic acid group (COOH) and 

a hydroxyl group (OH), as shown in Figure 10 [8, 9, 53]. The biodegradation in 

polyesters is affected by different factors including repetitive units’ type, sequence 

length, molecular weight, molecular geometry, compositions, hydrophilicity, 

morphology (e.g., crystallinity, size of spherules, orientation), surface area, and 

additives [3].   

 
 

 

 

 

Figure 10. Hydrolytic degradation of polyesters [9]. 
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    Biodegradable polymers for ecological applications are defined polymers maintained 

mechanical strength and other properties similar to non-biodegradable polymers, but they 

are finally degraded to low-molecular-weight compounds such as CO2, H2O and non-

toxic by-products by microorganisms living in the environments. While, bioresorbable 

polymeric biomaterials are adsorbed by the body and then disappear when the device is 

no longer needed through natural pathways [54-56].    

    The polyesters are the most extensively investigated category of biodegradable 

polymers. They are important, because of the synthetic versatility, as well as of the 

numerous monomers that build the polyesters [1]. Table 2. Summarizes the range of 

monomers for synthesizing polyesters, and polymerizations which can be carried out 

either in the bulk or in the solution [44].  
 

Table 2. Biodegradable polyesters [44].  

Type Monomers    Examples of polymers 

Poly(a-ester)s 
 

a-Hydroxy acid 

e.g. HO―C(R)H―COOH. 

Dimeric cyclic lactide or 

glycolide undergoes ROP 

Poly (glycolic acid) (PGA) 

(R¼H). Poly (lacticacid) or 

polylactide (PLA or PL) 

(R¼CH3). Copolymers 

poly(lactic acid-co -glycolic 

acid) (PLGA) 

Poly(b-ester)s or 

poly(3-

hydroxyalkanoate)s 

(PHAs) 

b-Hydroxy acid 

e.g. 

HO―C(R)H―CH2―COOH, 

or cyclic lactone 

Poly(3-hydroxybutanoate) 

(P3HB) (R=CH3). 

Poly(3-hydroxyvalerate) (PHV) 

(R=C2H5) 

Copolymers 

poly(hydroxybutyrate-co - 

hydroxyvalerate) mol% HV 

defined (PHBV (8% HV)) 

Poly(c-ester)s HO―C(R)H―(CH2)2―COOH 

or cyclic lactone 

Poly(4-hydroxybutanoate) 

(P4HB) (R=H) 

Other polyesters or 

polylactones 

cyclic lactone 
Poly (e-caprolactone), n=5 

Poly (valerolactone), n =4 
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1.3. MODIFICATIONS OF BIODEGRADABLE POLYESTERS 

    Polyesters have been widely used in biomedical applications. However, for many 

applications, they are not ideal materials due to high crystallinity, hydrophobicity, 

brittleness, thermal instability, and lack of total absorption. Therefore, for the fabrication 

of polyesters with tailored properties to meet the specific requirements, modifications is 

needed to be diversified and improved. Moreover, surface properties of biomaterials are 

significantly important, while they influence the biological interactions with the host 

tissue. For example, in tissue engineering, cell surface has different receptors, which bind 

with surrounding specific proteins or other cells [50, 57-61].  

The most common strategies to increase the versatility of polyesters and overcome the 

limitations is through bulk or surface modifications [37, 60, 62].  

 

1.3.1. Bulk modifications of polyesters 
    Bulk modification has an effect on the chemical composition and structure of polymers 

by chemical functionalization, copolymerization with other monomers or blending with 

other polymers [37, 63].  

 

Copolymerization 
    Copolymerization is polymerization of two or more monomers, in which the 

copolymer is prepared. The copolymers usually have considerably different properties 

from each homopolymer. Regarding biodegradable polymer, different types of 

copolymer with a wide range of properties have been synthesized. For example, PLGA 

is suggested for improving biodegradability with stronger solubility and lower melting 

point, therefore it has been introduced as the best-defined biomaterial with high 

performance in drug release application [37, 63].  

 

Blending  
    In the polymer industry, one of the typical technique in bulk modification is blending. 

Polymer blends are physical mixtures of two or more polymers or introducing a low 

molecular weight component to the polymer matrix. For biodegradable and 

biocompatible polyesters, plasticizers and various stabilizers are supplemented.  

 

    By blending polyesters with naturally derived compounds (starch, proteins) and 

synthetic polymers (PEG, PVA) a new kind of biodegradable material/polymers could 

be obtained. For example, blending of PLA with PCL has been reported with increased 

flexibility but decreased toughness. There are two different blending strategies, first is 
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combining of the components in a molten state (in an extruder), second is mixing in a 

suitable solvent [37, 63].  

 

 Chemical functionalization 

    Chemical functionalization refers to the introducing of new functional groups into the 

polymer backbone or altering the nature of those that are already present in order to add 

reactive groups along the main chain or promote fixation, and adhesion of active 

molecules. Chemical functionalization can be achieved by two approaches [61, 64, 65].  

A) Polymerization of substituted monomers  

    Attaching the cyclic monomers to the polymer backbone by ring opening 

polymerization is called substituted cyclic monomers polymerization. Various functional 

groups especially unsaturated, hydrophilic and halogenated groups are attached to 

aliphatic polyester back bone. 

B) Post-polymerization reactions 

    Reactions carry on along the polymers or on the end groups. However, there are no 

reactive side groups in the simple homopolymer [37, 60]. 

1.3.2. Surface modifications of polyesters 

    The main aim of surface treatment is to alter the outermost layer of a polyester by 

attaching some functional groups onto the surface for improving its barrier properties, 

wettability, sealability, printability and dye uptake, its adhesion to other materials, its 

resistance to glazing, or its interaction with a biological environment while maintaining 

the desirable bulk properties of the polyesters. Surface-modification methods are 

classified as chemical methods and physical methods [37, 62]. 

  

Coating             
    Coating is one of the simplest and cost-effective surface modification methods. 

Generally, the coating materials get ready in solutions and the coatings are prepared by 

brushing, soaking, or spraying techniques. Surface coating method is a physical treatment 

and the coating has relatively weak bond to the surface by Van Der Waals force. 

Moreover, it is based on absorption or deposition of the modifying agent to the polymer 

surface [37, 66, 67].  
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Plasma treatment  

    Plasma treatment is a widely and straight-forward used technique to modify the surface 

of materials for improving wettability and cell affinity of cell scaffolds. Plasma is a 

complex system composed of excited states or neutral of atoms, molecules, electronics, 

ions, free radicals, and a radiant photon with high energy. 

    The surface parts of the materials are exposed to energies higher than the characteristic 

bonding energy of polymers, these parts undergo scission reactions and form new 

bonding configurations on the surface. Plasma treatment using non-deposition gases such 

as ammonia, oxygen, hydrogen oxide and so no, can be used to graft functional groups 

including –NH2, -OH, and -COOH. However, the main drawback of this method is that 

it partially reduces the effectiveness of the surface modification owing to surface 

rearrangement. Figure 11. Illustrates the attachment of certain functional groups on the 

surface of polyester.  [37, 66, 67]. 
 

 

 

 

 

 

 

 

 

 

Figure 11. (A) Scheme of formation of N-containing polar groups on surface of polylactone-

type polymer using ammonia plasma treatment; (B) the influence of plasma-treating time 

under power 20W and 30 Pa of NH3 atmosphere on treated depth of PLGA scaffold [67]. 

  

Entrapment 

    The biomaterial surface in this method can be non-covalently but stably modified with 

water-soluble polymers. Exposing the polymer surface to the solvent/non-solvent 
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mixture leads to gelation of the polymer at the surface, allowing the modifier to diffuse 

inside. The swelling is reversed upon exposure to a non-solvent. This technique improves 

hydrophilicity and blood compatibility of biomaterial surfaces. The scheme of this 

method is presented in figure 12 [37, 61].  

 

 

 

 

 

 

 

 

 

 

Figure 12. The modification of PLLA by the entrapment method [61]. 

 

Chemical modification 

    Chemical modification is based on the reaction of reactive groups on the surface of the 

polymers with a modifying agent. For example, in biodegradable polyesters after surface 

hydrolysis, hydrophilic carboxyl and hydroxyl can be formed by cleaving the ester bond, 

by treating with NaOH solution. The resulting groups can also be employed to conjugate 

the bioactive molecules, such as L-lysine, collagen and Arg-Gly-Asp peptide [37, 66].  

 

1.4. APPLICATIONS OF BIODEGRADABLE POLYESTERS 

    The polyester category is extremely large and, depending on the nature of radicals (R1 

and R2) which was presented in Figure 13, exhibits a vast variety of structures, properties, 

architectures, and as a result, applications. 

 

 

Bio macromolecules in mixture 

solution 

Surface swelling entrapment 

Non-solvent of PLLA 

Modified surface 

PLLA 

Bio macromolecules 

Swollen surface 
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Figure 13. Esterification between carboxylic acid and alcoholic group [6]. 

 

Polyesters are one of the most economically important groups of polymers. The 

production of polyesters is expected to increase rapidly over the next decade, due to their 

highly favourable properties such as environmental friendliness, recyclability, and 

biodegradability [6, 8, 68]. 

    The abundance of monomers used in polyester synthesis causes the preparation of an 

extensive variety of materials possessing special characteristics for a broad range of 

applications, which is divided into biomedical and non-biomedical applications. 

 

1.4.1. Biomedical applications 

    Aliphatic polyesters are considered as biodegradable, bioresorbable and biocompatible 

polymers which have been broadly employed in medical applications over the past 

several decades. Both synthetic and natural polyesters have been used as components of 

biomedicines owing to distinctive chemical structures. Table 3 presents the commercially 

available polyester-based products. 

Table 3. Commercial products made from biodegradable polyesters and their 

applications [8]. 

Polymers Applications Commercial products 

PLA Fracture fixation, interference 

screws, suture anchors, meniscus 

repair, reconstructive surgeries, 

Vasculargrafts, Adhesion Barriers, 

Articular cartilage repair, Bone 

graft substitute, Dural substitutes, 

Proceed™ Surgical Mesh 

(Ethicon Inc.) , Artisorb™ 

Bioabsorbable GTR Barrier (Atrix 

laboratories, Fort Collins, CO, 

USA) 
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Skin substitutes, Tissue 

augmentation, Scaffolds 

PLGA (Composition 85:15): Interference 

screws, plates, suture anchors, 

Stents/(Composition 

50:50):Suture, drug delivery, 

Articular cartilage 

repair/(Composition 

90:10):Artificial skin, wound 

healing, hernia repair, suture, 

tissue engineered vascular grafts 

Rapidsorb® plates (DePuy 

Synthes CMF,West Chester, 

PA,USA), Lactosorb® 

TraumaPlatingSystem (Biomet, 

Inc.,Warsaw, IN, USA) [L-

lactide/glycolide= 82/18], RFS™ 

Screw System (Tornier), RFS™ 

(Resorbable Fixation System) Pin 

System (Tornier), Xinsorb BRS™ 

stent (Huaan Biotechnology 

Group, Gansu, China) REF1, 

Dermagraft®, Vicryl® woven 

mesh (Ethicon Inc.) (Composition 

90:10) 

PCL Suture coating, dental orthopaedic 

implants, Tissue repair, hybrid 

tissue-engineered heart valves, 

Surgical meshes, cardiac patches, 

Vascular grafts, Adhesion 

Barriers, Dural substitutes, Stents, 

Ear implants, Tissue engineering 

scaffolds 

Tissue repair patches (Ethicon 

Inc.), Bulking and Filling agents 

(Angelo, 1996), DermaGraft™ 

(Organogenesis Inc., Canton, MD, 

USA 

PPF Orthopedic implants, dental, foam 

coatings, drug delivery, Scaffolds 

—– 

PPC Scaffolds —– 

PHB Sutures (P4HB polymer), screw 

fasteners for meniscal cartilage 

repair, Scaffold for tendon repair, 

Reconstructive surgeries (Surgical 

Phantom Fiber™ suture (Tornier 

Co.), MonoMax® suture (Braun 

Surgical Co.), BioFiber™ scaffold 

(P4HB polymer) (Tornier Co.), 
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meshes), Vascular grafts, Nerve 

repair, Bone tissue scaffold 

(P3HB),Wound dressing (P3HB), 

hemostats (P4HB), Stents 

TephaFlex® mesh (Tepha Inc.) 

(P4HB polymer), GalaFLEX 

mesh (Galatea Corp.), Tornier® 

surgical mesh (Tornier Co.) 

PHBV Scaffolds —– 

PBS Stents, Sterilization wrap, 

Diagnostic or Therapeutic 

Imaging 

Disposable Medical Products-

Bionolle® 1000 and 3000 (Showa 

Highpolymer Co. Ltd.) 

Pharmaceutical use 

    For the purpose of delivering therapeutically active drug molecules to sites of disease 

in the body in a less invasive and effective way, a new dosage form technology, called 

drug delivery systems (DDS), by using polymer has been developed. The goal of DDS 

is sustained release of drugs for a favourable time at an optimal dose, targeting of drugs 

to the site of action, controlled release of drugs and delivery of bioactive compounds 

mainly through mucous membranes and skin. DDS is the main and highly versatile 

application for polyesters. Generally, polyesters have been employed to form 

nanoparticles, polymeric dendrimers, micelles, and polymersomes. Figure 14 illustrates 

the common nanocarriers used for drug delivery. 

    Furthermore, polyester-based DDS have been employed for cancer treatment and 

diagnosis, via loading different types of bioactive compounds and imaging probes over 

the past decades. So far, different types of polyester-based DDS have been used for 

clinical applications. For example, Genexol-PM, Zoladex and Signifor LAR, especially 

for polyester-based micelles which have a proven high performance in cancer therapy [8, 

44, 54, 69, 70].  

    Up till now, several types of polyesters including PLA, PGA, PLGA, PCL, and poly 

(dioxanone)s (PDO) have been the most widely used polyesters in commercial application 

in the DDS area [8, 71]. 
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Figure 14. Type and sizes of common nanocarriers used for drug delivery [70]. 

 Use for tissue engineering 

    Tissue engineering is an emerging technology to repair tissue defects or regenerate 

biological tissues to replace the defective or lost tissues by employing cells and cell growth 

factors. To fulfill this aim, three-dimensional (3D) constructs which are called scaffolds, are 

made of biodegradable and biocompatible materials and cell cultures are grown inside of 

that. Aliphatic polyesters are the most frequently used synthetic biodegradable polymers for 

fabrication scaffolds due to their properties in tissue regeneration. The properties of the ideal 

scaffold are shown in the table 4.  
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Table 4. Summary of scaffold design criteria and related functions in tissue engineering 

[72]. 

Scaffold design criteria Resulting function in engineered tissue 

Biologic compatibility Non-toxic/minimal inflammatory response 

3D matrix architecture Physiologically relevant environment for cell 

function 

Void space Highly porous and interconnected pores to allow cell 

infiltration, transport of nutrients, humoral factors 

and waste products 

Surface chemistry and 

topography 

Cell attachment and cell-matrix interactions 

Appropriate mechanical 

behavior 

Seamless integration with surrounding tissue(s) able 

to withstand in vivo forces and avoid stress shielding 

Degradation rate Scaffold lead to the formation of a functionalized 

matrix 

Structural anisotropy Anisotropic mechanical behavior 

Influence orientation of cells and ECM deposition 

 

    Over the last decades, the tissue engineering field has been developing the testing and 

fabrication of artificial cartilage, blood vessels, heart valves, bone, breast, bowel, lung, 

liver, nerves, kidney, trachea, and pancreas. The basic steps of tissue engineering are 

illustrated in Figure. 15 [18, 54, 72-76]. PCL, PLA, PGA, and their copolymer PLGA is 

commonly used in tissue engineering application [8, 76].  
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Figure 15. Basic steps in tissue engineering [75]. 

 Surgical use 

    Polymeric materials have also been used in surgical applications, frequently in 

situations where there is intimate contact with living tissues, therefore it is a fundamental 

requirement to display adequate biocompatibility so as not to have any adverse effects on 

the tissue. Generally, polymeric materials for surgical use are divided into three categories: 

bioabsorbable (biodegradable or resorbable), biostable and partially biodegradable. 

Therefore, aliphatic polyesters appear at the moment to be one of the most promising and 

attractive options [13, 54, 77, 78].  

    The use of synthetic polymers for sutures is one of the largest consumption in the 

category of surgical use. As sutures remain in the tissue, it can cause inflammation in a 

variety of ways such as foreign body reaction, degradation or allergic reaction. Hence, the 

new generation of absorbable suture materials may decrease inflammation. Dexon 

(Polyglycolic acid) and Dexon II (Dexon coated with polycaprolate) are commercially 

available for absorbable sutures. The other applications of polyesters in surgical use are 

displayed in Table 5 [54, 79, 80].  
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Table 5. Representative synthetic biodegradable polymers currently used or under 

investigation for medical application [54, 80-83].  

Polymer Application 

PLLA/PGA Surgical mesh coatings 

Photocrosslinkable PGS derivatives Surgical sealants 

PCL, PLLA, PLGA, PCL-PEG, PLACL Scaffolds for the treatment of cutaneous 

wounds 

PU- polyester Wound dressing 

Poly(glycolic acid-co-L-lactic acid) Suture, Fracture fixation, Oral implant 

Poly(e-caprolactone) Contraceptive delivery implant 

Poly(L-lactide) Fracture fixation, Ligament augmentation 

 

1.4.2. Non-biomedical applications   

    In addition to the biomedical area, the other major application of biodegradable 

polyesters is in plastic industries for replacing biostable plastics for keeping our earth 

environments clean. If biodegradation by-products do not exert adverse impacts on plants 

and animals on the earth, biodegradable plastics can be considered as environmentally 

friendly or ecological materials. Hence, much attention has been focused on producing 

biodegradable plastics which, however, should solve several requirements. They are to 

be cost-effective, satisfactory in mechanical properties and have an eco-friendly image. 

Applications of biodegradable polyesters in plastic industries are listed in  

Table. 6 [54, 84]. 

    The applications cover a broad spectrum of industries including agriculture, fishery, civil 

engineering, construction, outdoor leisure, food, toiletry, cosmetics, and other consumer 

products. when plastics are used indoors as food containers that are difficult to separate from 

the food remaining after use, the waste can be utilized as compostable if it is biodegradable 

[50, 84]. 
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Table. 6. Ecological applications of biodegradable polymers [54].  

Application Fields Examples 

Industrial 

applications 

Agriculture, Forestry Mulch films, Temporary 

replanting pots, Delivery 

system for fertilizers 

and pesticides 

Fisheries Fishing lines and nets, 

Fishhooks, Fishing gears 

Civil engineering and 

construction industry 

Forms, Vegetation neets 

and 

sheets, Water retention 

sheets 

Outdoor sports Golf tees, Disposable 

plates, 

cups, bags, and cutlery 

Composting Food packaging Package, Containers, 

Wrappings, Bottles, Bags, 

Films, Retail bags, 

Six-pack rings 

Toiletry Diapers, Feminine hygiene 

products 

Daily necessities Refuge bags, Cups 
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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. 

 

 

 

 

 

 

 

 

 

 

 

 

 



31 
 

 

2. EXPERIMENTAL PART 

2.1.  Preparation and characterization of microcellular antibacterial 

polylactide‐based systems prepared by additive extrusion with ALUM 

Introduction 

    In recent years, polylactide (PLA), an environmentally friendly biopolymer, has been 

widely applied in the biomedical sphere (eg, as sutures, implants, and porous scaffolds) 

due to its exceptional mechanical, biodegradable, and biocompatible properties [85-88]. 

The three‐dimensional porous structures of these materials make them suitable for use in 

tissue engineering as implants for regenerating certain types of tissue, such as skin and 

bones [89, 90]. 

   Fundamentally, PLA has the potential to be processed into microcellular form through 

various conventional techniques, including compression moulding, extrusion, and 

injection molding [85, 86, 91, 92]. Microcellular extrusion is considered one of the most 

promising procedures for decreasing density for biomedical application [87, 93]. 

Essentially, two methods for manufacturing microcellular materials exist. The first 

approach utilizes supercritical fluids (SCFs) typified by CO2 and N2, while the other 

pertains to chemical blowing agents (CBAs), such as carbonated salts; the latter results 

in creation of CO2 because of the occurrence of thermal decomposition [90]. In the first 

approach, SCFs are commonly employed due to their  nontoxicity and nonflammability 

properties [89]. Nonetheless, maintaining a critical condition is not a simple matter, since 

it is necessary to apply an accurate and precise pressure of CO2 to control the expansion 

and structure of products in the extruder barrel [94]. In contrast, CBAs possess the 

advantages of being used without such consideration of pressure and it is more cost-

efficient as compared with utilizing SCFs [90]. It is only recently that studies have 

appeared in the literature on the microcellular extrusion of PLA. The majority of these 

describe the process of utilizing supercritical CO2 for this purpose [95, 96]; hence, there 

is a significant lack of research on CBAs. Moreover, attention in such works should be 

paid to investigating the change in hydrolytic degradability that often accompanies 

formation of a microcellular structure. Indeed, the kinetics of degradation (bioresorption) 

of the implant material constitute a key factor in medical applications [97]. 

      In recent years, it has become a commonplace to prevent the spread of microbial 

infections associated with medical devices through antimicrobial treatment of materials. 

In addition, due to the rise in drug-resistant pathogens witnessed over the past few 

decades, enhancing the antimicrobial properties of materials is a matter that has gained 

importance. Inhibiting microbial growth on the surface of a polymer and its surroundings 

is achievable by mixing an organic or inorganic agent into the polymer matrix [98-100]. 
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Several papers have been published on the subject in the literature, wherein organic 

agents are added into a PLA matrix; examples of the former include cellulose, chitosan, 

and silver [94, 101]. Turalija et al showed that incorporating silver or chitosan into PLA 

resulted in them acting as antimicrobial agents effective against gram-positive and gram-

negative bacteria. 

   Out of all the possible antimicrobial additives, aluminium potassium sulfate (ALUM) 

stands out due to its particularly advantageous characteristics, including ease of 

availability and low price. In addition, it is environmentally friendly and has been 

approved by the Food and Drug Administration (FDA). Indeed, ALUM has been 

frequently employed for medical application as a consequence of it not being absorbed 

by the body; thus, it is considered a harmless substance [102]. Bnyan et. al. reported that 

ALUM inhibits the growth of gram-positive and gram-negative bacteria and exhibits a 

level of antimicrobial activity comparable with cefotaxime (a commercial antibiotic) 

[102]. Despite all its undeniable advantages, ALUM has largely been overlooked by 

researchers as an additive for antimicrobial maintenance of a polymeric device [98]. 

   The investigation presented herein focused on the effect of the microcellular structure 

of PLA on the properties of the given material, as well as its hydrolysis, antimicrobial 

properties, and the release of an antimicrobial agent from the PLA matrix. Antimicrobial 

PLA foam was processed via the microcellular extrusion method, with a mixture of 

monobasic sodium salt (sodium hydrogen carbonate + another salt, at the ratio 1:1) 

applied as the CBA, and hydrated potassium aluminium sulfate (ALUM) as the 

antimicrobial agent. Study was made as to the thermal, tensile, and antimicrobial 

properties of the prepared microcellular PLA incorporated with ALUM. The hydrolytic 

degradation and release of the antimicrobial agent were studied in biological buffer 

solutions at pH 7 by gel permeation chromatography (GPC) and elemental analysis, 

respectively. 

 

Materials 

   PLA semicrystalline PLA4042D with an average molecular weight (Mw) of 120 000 g 

mol−1 was purchased from NatureWorks Ingeo, Minnetonka, Minnesota. Antimicrobial 

potassium aluminium sulfate dodecahydrate (ALUM) and monobasic sodium salts 

(MSS), based on sodium hydrogen carbonate in a mixture with sodium dihydrogen 

phosphate (ratio 1:1) and applied as a foaming agent, were supplied by Sigma‐Aldrich, 

St. Louis, Missouri.  
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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. 7. 

Table. 7. 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 

Characterization 

Changes in molecular weight during hydrolysis by GPC 

   GPC analysis was conducted on an HT‐GPC 220 chromatographic system (Agilent, 

Santa Clara, California), equipped with a dual detection set‐up (refractive index and 

viscometric response detectors). The samples were dissolved in tetrahydrofuran (THF; 

approximately 3 mg mL −1) overnight. Separation and detection took place on PL gel‐

mixed bed columns (1× Mixed‐A, 300 × 7.8 mm, 15 μm particles + 1× Mixed‐B, 300 × 

7.8 mm, 10 μm particles + 1× Mixed‐D, 300 × 7.8 mm, 5 μm particles) at 40°C in THF; 

the flow rate equaled 1.0 mL min−1 and injection volume was 100 μL. The GPC system 

was calibrated through universal calibration, with narrow polystyrene standards ranging 

from 580 to 271 000 g mol−1 (Polymer Laboratories Ltd, UK). The weight average molar 

mass (Mw), number average molar mass (Mn), and molar-mass dispersity (Đ = Mw/Mn) 

of the tested samples were discerned from peaks corresponding to the relevant polymer 

fractions. All data processing was carried out in Cirrus software.  

Thermal properties—differential scanning calorimetry (DSC) 

   Thermal properties were investigated by DSC on a DSC1 STAR system (Mettler 

Toledo, Greifensee, Switzerland). Samples with approximately 5 mg in weight were 

placed in aluminium pans. Nitrogen flow was set to 50 mL min−1, and the following 

heating program was applied: an initial heating cycle from 0°C to 200°C (10°C min−1), 
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maintaining the same for 2 minutes, and subsequent cooling to 0°C (20°C min−1). 

Afterward, the temperature of 0°C was held for 2 minutes and a further heating scan 

performed at 200°C. Melting point temperature (Tm) and exothermal response relating to 

cold crystallization (Tc) were obtained from the first heating cycle. The region of glass-

transition temperature (Tg) was determined from the second heating scan. The degree of 

crystallinity χc was calculated according to Equation (1) [99]. 

𝜒𝑐 = (
𝛥𝐻𝑚−𝛥𝐻𝑐

𝛥𝐻𝑚
0 ) ∗ 100%         (1) 

where ΔHm is the enthalpy of fusion, ΔHc represents cold crystallization enthalpy, and 

ΔH𝑚
0  is the tabulated enthalpy of fusion for a theoretically 100% crystalline PLA 

homopolymer (93.1 J g−1) [99].  

Porosity 

   The porosity of the microcellular samples was calculated from the bulk density (ρB) of 

the microcellular polymers, which was computed from the weight to volume ratio (ρTh) 

of individual samples and the theoretical density, according to the following equation 

 

𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) = (1 −
𝜌𝐵

𝜌𝑇ℎ
) ∗ 100       (2) 

Morphology 

      The morphology of the prepared material was determined by thermionic emission 

scanning electron microscopy (ESEM) (VEGA II LMU, TESCAN, Brno, Czech 

Republic) in order to visualize the size and distribution of particles in the PLA matrix. 

The specimens were prepared by cryogenically fracturing the samples in liquid nitrogen 

and then coating them with a thin layer of Au/Pd. A microscope, equipped with an SE 

detector, was operated in high-vacuum mode at an acceleration voltage of 10 kV. 

Tensile test 

         Investigations into the mechanical properties of the samples were carried out on a 

universal tensile testing device, an M350-5 CT Materials Testing Machine (Testometric 

Company, Lancashire, UK), at a crosshead speed of 5 mm min−1 in accordance with ČSN 

EN ISO 527-1-4. The dimensions of dog-bone form specimens cut from compression 

moulded plates measured 60 × 4 × 0.1 mm. Prior to testing, the samples were conditioned 

at 25°C, 50% RH for 24 hours. A minimum of eight specimens from each group were 

tested. 

Statistical analysis was applied to process the results of mechanical properties evaluation. 

In order to eliminate extraneous results, the Dean-Dixon test was carried out (Q-test; 
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confidence level α = .95). After eliminating peripheral figures, corresponding averages 

and standard deviations (SD) were calculated. 

Abiotic hydrolysis 

   The extent and rate of PLA hydrolysis were monitored for 140 days at 37°C. The PLA 

samples (50 mg) were cut into 0.5 × 0.5 cm specimens and then suspended in 50 mL of 

sodium phosphate buffer (0.1 mol L−1, pH 7) amended with a microbial growth-inhibiting 

substance (NaN3, 2% w/w). The experiment was carried out in three replications for each 

type of samples. The samples were withdrawn at appropriate intervals and analyzed by 

GPC and DSC. 

Release test 

   The individual samples (approximately 100 mg) were immersed in 10 mL of phosphate 

buffer saline (PBS, 7.4 pH) and incubated at 37°C. All experiments were carried out in 

triplicates. The volume of 1 mL was removed at predetermined intervals, the used PBS 

was replaced with 1 mL of fresh PBS, and then filtration took place through a 0.22 μm 

syringe PTFE filter for subsequent analysis. The concentration of the Al related to the 

ALUM released was determined by atomic absorption spectroscopy (AAS). 

Atomic absorption spectroscopy (AAS) 

   The exact concentration of Al release into the buffer medium was determined by AAS, 

on an Agilent DUO 240FS/240Z/UltrAA unit (Agilent Technologies, Santa Clara, 

California) equipped with a hollow cathode lamp (Al: I = 10 mA and wavelength = 396.2 

nm) and a deuterium lamp for background correction. A mixture of gasses, acetylene, 

and air was applied in the flame at flow rates of 2.0 and 13.5 L min−1, respectively. 

Concentration was calculated according to a calibration gauged by standards with 

specified concentrations (Ag: 1000 mg/L, Agilent Technologies; Zn: 1000 mg/L, Fluka 

Analytical). 

Antimicrobial test 

   Antibacterial testing was carried out according to a procedure based on ISO 22196: 

2007 “Measurement of antibacterial activity on plastic surfaces”. The bacteria employed 

in this study were Staphylococcus aureus CCM 4516 (gram-positive) and Escherichia 

coli CCM 4517 (gram-negative). Bacterial suspensions were prepared at concentrations 

of 1.0 106 CFU mL−1 and 1.5 107 CFU mL−1 for E. coli and S. aureus, respectively. The 

dimensions of each specimen and the polyethylene film were 25 mm x 25 mm, a 20 mm 

× 20 mm respectively. 

Number of the colony forming units (CFU) was determined, and its reduction (CR) was 

expressed by diminishment in the number of colonies formed per cm2 in percent, 

according to Equation 3: 
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𝐶𝑅 = (−
𝑁𝑠

𝑁𝐵
) ∗ 100 (%)         (3) 

where NB is the number of viable colonies per cm2 recovered from the material without 

the additive (blank) after 24 hours and NS is the number of viable colonies per cm2 

recovered from samples containing the antimicrobial agents after 24 hours. 

 

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 [95], a phenomenon 

that could be accelerated by enhancing the material with additives [100, 103]. Therefore, 

the effect of agents on the properties of the PLA was 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 16, 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 16D) and PLA/ALUM/MSS5 (Figure 16F). 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 [104], which had been formed by nitrogen in a supercritical state 

through injection moulding experiments. 
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   Table 8 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 [105]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. 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. 

A B 
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E F 



38 
 

Molecular weight and distribution 

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

8. 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, 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 [106]. 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 8, 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 [85]. 

Table. 8. 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] 

59.8 593 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. 9. 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 decline was more pronounced 

than the results published elsewhere [104], which investigated the comparable 
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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. 9. 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 17). Reductions in Mw occurred because of random chain 

scission of the ester bonds, an action that participated in such hydrolysis [107]. The Mw 

reduction rate in  the neat PLA was in agreement with a previous investigation [107], 

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 much harder for water to 
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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. 17. Molecular weight evolution of the materials during abiotic hydrolysis 

 

Changes in thermal properties during abiotic degradation 

   Table. 10. 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 



42 
 

nonporous materials. The samples were initially highly amorphous [108, 109], 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 sufficient 

mobility to produce a crystalline lattice [108]. 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 [107]. This behaviour 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. 10. 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 
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PLA/MSS5 

0 154.6 - - -27.7 125.7 24.5 57.8 3.5 

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 18). 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 
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pores in its structure. 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 18. 
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Figure. 18. 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. 11 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 gram-negative bacteria, in 

comparison with a gram-positive. This phenomenon occurs because of the differences in 
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the membrane structure and thickness of the peptidoglycan layer in gram-positive and 

gram-negative microorganisms [110-113]. 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 [114]. 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. 11. 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 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. 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 %, PLA/ALUM/MSS3), as a consequence of its microcellular morphology 

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

Introduction  

  Wound dressings have improved vastly over the past decade, from crude, traditional 

gauze to tissue-engineered scaffolds. An extensive variety of wound dressing formats 

based on their application for the wound have been investigated or made commercially 

available [115, 116]. A desirable wound dressing should provide an optimal healing 

environment which leads to a rapid wound healing. It should be able to absorb exudates 

from the wound surface, maintain a proper moist environment in the wound bed, and, 

crucially, it should be able to gradually release antimicrobial active agents to ensure 

prolonged antimicrobial activity and sustain a healthy concentration of healing tissues 

[117, 118]. In recent years, there has been growing attention to fabricate porous structures 

for wound dressing applications based on natural and synthetic polymers via different 

techniques. Polylactide (PLA) is one of the biopolymer which has been widely used in 

wound dressing applications due to its biocompatibility, biodegradability, good 

mechanical durability, and non-toxicity to the human body[119, 120]. However, PLA is 

highly hydrophobic which extremely restricts its application in the field of wound 

dressing due to the limitation of water uptake capacity. Moreover, hydrophobicity of 

PLA has a great impact on the efficiency of the release of the active agents from the 

polymer matrix[119, 121-123]. Therefore, porous structure could be one approach in 

order to tackle these issues. A three-dimensional porous structure can improve the 

permeability of the wound dressing, and at the same time providing sufficient space for 

cell growth. It has previously been reported that porous structures promote the skin 

regeneration and wound healing [119, 124]. Furthermore, porous structures offer a larger 

surface area that could allow active agents to diffuse out from the matrix in an extremely 

efficient manner[123].  

  PVA is synthetic biocompatible polymer widely used in biomedical applications[125]. 

Ribba et al. fabricated PLA-PVA films for wound dressing applications, which exhibited 

good stability over time, humidity control and, biocompatibility[126]. Hongyan et al. 

developed the PLA-PVA/SA membranes and assessed their in-vivo and vitro wound 

healing capability. These membranes displayed effective wound healing 

performance[125].  

  Surface liquid spraying is a unique and simple method for the preparation of a porous 

structure (porous mats). It is similar to the emulsion freeze-drying technique. However, 

the only difference is that in the surface liquid spraying method, the organic phase is 

sprayed to the aqueous phase, which gives a more porous structure[127, 128]. Generally, 

emulsion freeze-drying technique is the most widely used method due to its relative ease 

of use. However, this method has two major restrictions: (1) poor encapsulation 



48 
 

efficiency (EE) and (2) fast release of active agents occurring at the early stages. Several 

studies have reported that the addition of salts to the polymer could enhance the 

encapsulation efficiency by depressing drug aqueous solubility, and simultaneously may 

depress organic solvent solubility in the aqueous phase[129-131]. Pistel et al. 

demonstrated that the addition of inorganic additives such as salts to the aqueous phase 

causes increasing porosity and the specific surface area of the polymer[132]. One 

approach to overcome the release in early stages is thermal treatment or heating the 

polymer matrixes above the (Tg). Thermal treatment above Tg could change the physical-

mechanical properties and therefore prolonging the drug release[133-135]. Castro et al. 

reported sustained release of simvastatin from polylactide acid (PLA) membranes after 

thermal treatment[136]. 

  In this study, PLA-PVA porous mats were fabricated by surface liquid spraying method 

for potential wound dressing application. Sodium chloride (NaCl) and potassium 

permanganate (KMnO4) salts were added to the aqueous phase of an oil in water (O/W) 

emulsion.  NaCl is a neutral salt while KMnO4 is a strong oxidizing agent and has mild 

antiseptic and astringent properties, which traditionally has been used to treat exuding 

wounds [137, 138]. Finally, after a short thermal treatment (80°C, 2 min) of the mats, the 

effect of the salts (NaCl, KMnO4) and the thermal treatment on the in-vitro release 

profile, entrapment efficiency and physicochemical properties of the mats were 

investigated. 

  

Materials 

   Polylactide semi-crystalline PLA6202D was purchased from NatureWorks® Ingeo™ 

(Minnetonka, Minnesota, USA). Chloroform was purchased from VWR (14 Media 

Village, Leighton Buzzard, LU7 0GA, UK). Gentamicin sulfate salt and polyvinyl 

alcohol were supplied by Sigma-Aldrich (St. Louis, Missouri, USA). Sodium chloride 

was purchased from Mikrochem (Slovak Republic). Potassium permanganate was 

purchased from Penta Prague (Czech Republic). 

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 
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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 19 shows the 

schematic diagram of the surface liquid spraying process.  

 

 

 

 

 

 

 

Figure. 19. 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. 

Characterization of the porous mats 

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

   The ATR-FTIR test is an appropriate approach to identify functional groups of 

polymers and molecular structures of the chemicals. The FT-IR spectra were obtained on 

a Nicolet iS10 instrument equipped with a Zn/Se crystal (Thermo Fisher Scientific, 

Waltham, MA). The collected spectra in the wavenumber range from 400 to 4000 cm−1 

represented the average of 64 scans at a spectral resolution of 4 cm−1. The spectra for 

mats before and after the thermal treatment were recorded. 

Differential scanning calorimetry (DSC) 

   Thermal properties of mats before and after thermal treatment were investigated by 

DSC on a DSC1 STAR system (Mettler Toledo, Greifensee, Switzerland). The 

preparation of samples has been adopted from our previous paper [139]. In brief, 

approximately 5 mg of each mat was placed in an aluminium pan. The following heating 
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program was applied in the presence of Nitrogen with the flow rate of 50 mL min−1: In 

an initial heating cycle mats were heated from 25°C to 180°C (10°C min−1), the upper 

temperature being maintained for 5 minutes. This was followed by a subsequent cooling 

to -35°C (10°C min−1). The temperature of -35°C was maintained for 5 minutes, and a 

further heating scan was performed at 220°C (10°C min−1). The melting temperature (Tm) 

and exothermal response related to cold crystallization temperature (Tc) were obtained 

from the second heating cycle. The region of glass‐transition temperature (Tg) was 

determined from the second heating scan. The degree of crystallinity (χc) was calculated 

according to the Equation (4) [139]: 

𝜒𝑐 = (
𝛥𝐻𝑚−𝛥𝐻𝑐

𝛥𝐻𝑚
0 ) ∗ 100%          (4) 

where, ΔHm is the heat of fusion ΔHc represents the enthalpy of cold crystallization and 

𝛥𝐻𝑚
0  is the tabulated heat of fusion for a theoretically 100% crystalline PLA 

homopolymer (93.1 J g−1) [139]. 

 

Morphological analysis 

   The morphology of the mats was investigated by thermionic-emission scanning 

electron microscopy; (ESEM) (VEGA-II LMU, TESCAN, Brno, Czech Republic) in 

order to visualize the porosity of the mats. The mats were prepared by cryogenic 

fracturing of the mats in liquid nitrogen. This was followed by coating mats with a thin 

layer of Au/Pd. The microscope equipped with an SE detector was operated at an 

acceleration voltage of 10 kV in the high-vacuum mode [139]. 

Porosity measurement 

   The porosity of the mats was determined by liquid displacement method [140]. The 

weight (W1) and volume (V) of mats were measured before the immersion into ethanol. 

After the saturation of mats by absorbing ethanol, the weight of mats were measured 

again (W2). The porosity of the mats was calculated according to the Equation (5)  (ρ 

represents the density of the ethanol) [140]. All experiments were performed in triplicate.  

 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (%) = (
𝑊2−𝑊1

𝜌 𝑉
) ∗ 100              (5)
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Swelling test 

   The swelling test was performed by immersing pre-weighted samples (samples were 

cut into 1 cm2 square pieces) in phosphate-buffered saline (PBS) solution of pH 7.4 at 

37°C. Subsequently, the samples were removed at specific time intervals and the excess 

water on the surface was carefully absorbed by using filter paper, after which the samples 

were weighted. The degree of swelling was calculated according to the following 

Equation [141]:  

Degree of swelling (%) = (𝑊𝑖 − 𝑊𝑡)/𝑊𝑖 ∗ 100              (6)

    

where, Wt is the weight of the swollen sample, and Wi is the sample at time zero (starting 

time). 

Water solubility 

   To determine the water solubility of mats, samples (samples were cut into 1 cm2 square 

pieces) were placed in an oven at 37°C for 24 h. Then, the dried mats were immersed in 

DI water for 24 h and dried again at 37°C for 24 h. The solubility of the mats was 

evaluated using the following Equation [142]: 

𝑆 = (
𝑊0−𝑊𝑑

𝑊0
) ∗ 100          (7)

            

where, W0 and Wd represent the weights of the dry sample and the weight of the dried 

sample at 37°C after immersion in distilled water, respectively [142]. 

Water vapor transmission rate (WVTR) 

   The moisture permeability of the mats was determined by measuring the WVTR 

according to the standard ASTM test method (E96-90), as follows [143]. The samples 

were cut into discs with a diameter of 15 mm, and mounted on top of a plastic tube 

containing 10 mL of distilled water. These assemblies were sealed with Teflon tape in 

order to avoid boundary loss and then placed in a straight position at 37°C inside an oven 

contained 1 kg of freshly dried silica gel to maintain relatively low humidity conditions. 

After regular intervals of time, the weights of the assemblies were measured. The WVTR 

of the samples was calculated according to the Equation (8) [144]: 

WVTR (gr/m2. Day) = (Wi-Wf)/A        (8) 
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where, A is the exposure area, and Wi and Wf are the initial and final weights of the 

assemblies, respectively. 

Drug loading and in-vitro release study 

   The gentamicin sulfate (GS) loading efficiency and in-vitro release behaviour of the 

drug was carried out in the presence of a non-toxic and isotonic release medium, PBS. 

The entrapment efficiency (EE) and loading capacity (LC) of GS were evaluated by 

immersing the mats into 50 mL of PBS10 mM at pH 7.4 in capped glass flasks. The glass 

flasks were kept in an orbital incubator (Stuart SI500, UK) at 37 ± 0.5°C, set to 40 rpm 

for 1 h. Equations (9) and (10) were applied to calculate EE (%) and LC (%), respectively 

[145].  

EE(%) =
TotalGS−FreeGS

TotalGS
× 100         (9) 

LC(%) =
TotalGS−FreeGS

matsweight
× 100         (10) 

 

where, TotalGS was the amount of primary GS added to the solution and FreeGS was 

assessed through high-performance liquid chromatography (HPLC), on a Dionex 

UltiMate 3000 Series device (Thermo Fisher Scientific, Germany) using  

o-phtaldialdehyde (OPA) as a derivatizing agent. The methodology was adapted from 

Smělá et al., [146] with minor modification, as described below. The reducing solution 

was prepared by adding 250 µL of 2-mercaptoethanol and 10 mL of 0.04 M sodium 

borate (pH~11). Separately, a solution of OPA was prepared by dissolving 2.5 g of OPA 

in a mixture composed of 400 µL methanol, 200 µL reducing solution and 4.4 mL of 

0.04 M sodium borate (pH~11). The OPA solution was stored in the dark and utilized 

within 24 h after preparation. The separation after OPA in needle derivatization was 

performed on a reversed-phase column XSELECT CSH C18 5µm (4.6 x 250 mm; 

Waters, USA), equipped with a security guard column (Phenomenex. USA) at 30°C. A 

mixture of 100 mM Acetate buffer (A; pH 5.8) and HPLC grade Acetonitrile (ACN; B) 

was applied as the mobile phase (55:45, v/v) at a flow rate of 0.4 mL/min. The volume 

of the injection was defined by user defined program (UDP) settings, a volume of 10 µL 

was injected into the column originating from a drawn sample volume of 1 µl. The eluted 

OPA derivatives were detected by fluorescence using 330 nm and 440 nm as excitation 

and emission wavelengths, respectively. All measurements were performed in triplicate. 

   In the next stage, to evaluate the in-vitro release rate, the medium was replaced with 

50 mL fresh PBS 10mM (pH 7.4), and glass flasks were kept in an orbital incubator at 
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37 ± 0.5 °C, 40 rpm. At predefined time intervals, 2 mL of the medium was taken, and 

the same volume of the fresh medium was replaced in the glass flasks. The amount of 

GS in the medium was evaluated by HPLC apparatus, and OPA was used as a 

derivatizing agent [146]. The cumulative percentage release of GS from the mats was 

calculated and plotted against time (n= 3). 

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. 20. 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[147-149]. Figure. 20. 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[150-152].  
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Figure. 20. 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. 

  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 [153]. 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[154]. 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 [155, 156].  

 

Thermal properties 

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

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

properties of the mats are summarized in Table. 12. As expected, crystallinity (χc) 

increased after the thermal treatment of the mats[136]. The Tg of the mats did not 

demonstrate any significant changes after the thermal treatment as shown in Figure. 21. 

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

agreement with the published literature values [136, 157]. 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[158]. According to the literature, the oxidation of PLA and PVA by 
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KMnO4 caused a decrease in crystallinity [159, 160]. Moreover, the addition of salts 

induced a decrease in Tc, an increase in Tm (consistent with the results given in[161]), 

and showed no difference in the Tg values. 

Table. 12. 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 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 21. 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[162]. As shown in Table. 13, all the mats showed a porosity ranging between 
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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[132]. However, the total porosity of the mats slightly 

decreased after the thermal treatment[134, 135, 163]. 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. 13. Porosity measurements of porous mats after 24 h of immersion in ethanol at 

room temperature.  

 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. 22. 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. 23, the PLA-PVA mat show a 

disordered, interconnected pore-like structure with a rough surface. However, high 

resolution SEM analysis shows (Figure. 24 (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. 24 (b)). As can be seen from Figure. 24 (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 24 (b) and 24 (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[132, 164]. The 
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mats that have been subjected to thermal treatment present smoother surfaces with fewer 

fractures and less porosity (Figure. 24). These results were consistent with other 

studies[135, 163].   

 

 

 

 

 

 

 

 

 

 

 

Figure. 22. Photographic appearance of  Figure. 23. SEM image of PLA-PVA 

PLA-PVA porous mat.   porous mat 
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Figure. 24. 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[140, 165]. 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[117, 122]. Figure. 25 shows the swelling behaviour 

of the mats. It was observed that increasing porosity led to an 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. 13). The lowest swelling degree was obtained from thermal treated 

neat PLA-PVA mat due to its  lowest porosity and relative high crystallinity[166]. 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[161, 

167, 168].  
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Figure. 25. 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 

[169]. The water solubility assessment was performed by calculating the weight loss of 

the mats in DI water after 24 h using Equation 4. 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. 14. 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 of salts. More porous structures 

allow and retain a higher number of water molecules in their structure [142, 169]. 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. 14. Water solubility measurements of the porous mats in DI water after 24 h at 

37°C. 
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Water vapour transmission rate (WVTR) 

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

the dressing material [162]. 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 

[170, 171]. To maintain a moist environment for better wound healing the optimal range 

of WVTR for wound dressing material is 2000 - 2500 (g/m2.day) [144, 172]. As shown 

in Table. 15, 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 [144, 172]. 

Table. 15. 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 

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 

 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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dressing [155]. 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 [127]. Therefore, liquid 

spraying method was used to obtain a higher EE.  As shown in Table. 16, 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 [131, 173]. 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 [132, 174]. 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 

16 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 in 

accordance with Equation 10. 

Table. 16. EE and LC of the porous mats before and after thermal treatment. 

 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 [132]. The in-vitro release profiles of antibiotics 

from the wound dressings are displayed in Figure. 26.  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 [174, 175]. 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 
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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 

[133, 176]. 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 [136]. 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. 26, 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 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) [161, 167, 168]. 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. 26). 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 [177].  
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Figure. 26. In-vitro release profiles of porous mats loaded GS in pH 7.4 at 37°C. 

 

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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CONTRIBUTIONS TO SCIENCE AND PRACTICE 

   The presented doctoral thesis brings new insights into the field of biodegradable 

polymers based on poly (lactic acid), which are highly potential for biomedical 

applications. 

 The main contribution to the science of the reported work can be found in the preparation 

and characterization of novel biodegradable PLA-based porous systems modified with 

inorganic agents in the form of: 

 Microcellular antibacterial polylactide-based systems prepared by additive 

extrusion with ALUM for medical applications. 

 

 Polylactide-polyvinyl alcohol-based porous systems loaded with gentamicin for 

wound dressing applications.  

 

 

The results presented in this thesis have been published in reputed international journals.  
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