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ABSTRACT 

The work presented here summarizes the very latest advances in the synthesis, 

modification and degradation of biodegradable polyesters. This body of 

recognized knowledge was applied to specific polymer systems based on lactic 

acid – polylactides. Within the experimental part of this work, most attention is 

paid to polylactide synthesis optimization, involving non-metallic and non-

toxic catalyst. Furthermore, chemical modification, through introducing 

specific groups into the polylactide structure, in addition to chain length 

prolongation of polymers, by using special postpolycondensation  techniques, 

were undertaken and thoroughly studied in order to meet the relevant 

requirements for complex polymer applications in medicine. Degradation 

studies of the polylactides developed under various conditions that simulate the 

human body provide a comprehensive view on the topic under study.  

 

Keywords: biodegradable polymers, synthetic polyesters, synthesis, 

modification, biodegradation, postpolycondensation, medical application 



  

ABSTRAKT 

Tato doktorská práce poskytuje shrnutí dosavadního stavu poznání v oblasti 

syntézy, modifikace a degradace biologicky rozložitelných polyesterů. Tento 

přehled doposud známých poznatků byl aplikován na konkrétní polymerní 

systémy na bázi polymerů kyseliny mléčné, polylaktidu. Hlavní pozornost 

v rámci experimentální práce věnována optimalizaci syntézy  

polylaktidu za použití netoxických nekovových katalyzátorů. Vzhledem 

k aplikačnímu zaměření této směrem k medicinálním využitím a k požadavkům 

na fyzikálně chemické vlastnosti polymerních matric je významná pozornost 

věnována chemické modifikaci připravených polylaktidů ve smyslu zavádění 

polárních skupin do struktury polymeru a nebo zvyšování délek řetězců pomocí 

speciálních postpolykondenzačních technik. Pro ucelený přehled je 

experimentální část doplněna o komplexní studii zaměřující se na 

charakterizaci hydrolytického rozklady připraveného polylaktidu za 

specifických podmínek simulující různá prostředí lidského organismu.  

 

Klíčová slova: biodegradovatelné polymery, syntetické polyestery, syntéza, 

modifikace, postpolykondenzace, biodegradace, aplikace v medicíně 
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THEORETICAL BACKGROUND 

 

1. Introduction to materials for medicine 

 During recent decades great progress has been made in the medical and 

pharmaceutical field around the world. It is also known that such development 

has been attributed to discovering and utilizing a new sort of material – 

biomaterial(s). [1] 

 There are several definitions of biomaterial published in the literature: 

According to BLACK (1982):  “A biomaterial is any pharmacologically inert 

material, viable or non-viable, natural product or man-made, that is a part of or 

is capable of interacting in a beneficial way with a living organism” [2, 3]. 

 Later, WILLIAMS (1987) stated, that: “A biomaterial is any non-living 

material used in medical devices intended to interact with biological systems” 

[3, 4]. 

One of the first definitions of biomaterial was determined by the Clemson 

Advisory Board for Biomaterials and adopted at the sixth Annual International 

Biomaterials Symposium, 1974 [3, 5]. 

“A biomaterial is a systemically, pharmacologically inert substance designed 

for implantation within or for incorporation with a living system”, 

 

From a material point of view biomaterials can be divided into 5 groups [6, 7]. 

Of these, polymeric materials are of special interest due to their unique 

properties [8, 9, 10].  

 



  

 
 

 

 

Synthetic polymers for medicine 

 On the basis of the definition of biomaterial, it is clear that this should fulfil 

some specific requirements/features [11, 12]. 

 

1) The material should not cause a sustained inflammatory or undesirable 

toxic response after implantation into a living organism. 

2) The shelf life of a material should be satisfactory. 

3) The material should possess appropriate permeability and processability 

for the intended application. 

If a material is designed so as to be degradable, then: 

4) The mechanical properties of a material should be appropriate for the 

designated purpose and their variation during degradation should be 

compatible and predictable with the healing or recovery process. 

5) The time of degradation should match the duration of the healing or 

regeneration process. 

 

Biomaterials 

Metals 

(Steel 316, 

316L, Silver, 
Cobalt, alloys) 

Ceramics 

(Aluminum 

oxides, calcium 

aluminates, 
titanium 

oxides) 

Composites 

(Metals 

with ceramic 
coatings, 
materials 

coated with 

carbon) 

Natural 
materials 

(Colagen, 
human tissues, 

hyaluronic acid) 

Polymers 

(Teflon,PAs, 
PMMA,PE, PLA, 
PEG and others) 

Figure 1 - Basic types of biomaterials 



  

6) The degradation products and intermediates should be harmless and able 

to become metabolized or filtered out from the body. In other words, the 

material should be bioresorbable (defined in section 2). 

 

   Similar to other non-polymeric materials, biocompatibility is strictly 

affected by various factors (material properties), e.g. material chemistry, 

molecular weight, solubility, the shape and structure of the implant, 

hydrophilicity/hydrophobicity, lubricity, surface energy, water absorption, 

degradation and the erosion mechanism [9]. 

 Although there are dozens of synthetic polymers fulfilling points 1-4, there is 

a relatively narrow range of synthetic materials exhibiting the desired 

degradation ability described in points 5 and 6. These materials are called 

biodegradable. 

 

Synthetic biodegradable polymers for medicine 

 The exhaustive definition of biodegradable polymers was stated by VERT et 

al. (1992).  “Biodegradability relates to solid polymeric materials and devices 

which break down due to macromolecular degradation with dispersion in vivo 

but with no proof of elimination from the body.  Biodegradable polymeric 

systems or devices can be attacked by biological elements so that the integrity of 

the system, and in some cases (albeit not necessarily) of the macromolecules 

themselves, is affected and results in fragments or other degradation by-

products. Such fragments can move away from their site of action but not 

necessarily from the body” [13]. 

  

Based on the above-stated definition it is clear that biodegradable polymers must 

have a specific chemical structure which can lead to chain scission under 

conditions of a living organism, and which also permits sufficient mechanical 

and physical behaviour during its application [14]. 



  

 Biodegradable polymers attract significant attention in a broad variety of 

research and industrial efforts because materials possessing control 

decomposition and absorption in the body are desirable for many short or even 

long-term applications [15].  

 

Division of synthetic biodegradable polymers for medicine 

according to chemical structure 
 
Table 1 - Division of synthetic biodegradable polymers based on chemical structure 

Group and 

Possible Structure                

Group and 

Possible Structure 

Polyesters                           Ref. [12, 17] 

 

Polyester amides                Ref. [9, 18] 

 

Poly(ortho esters)                 Ref. [9, 19] 

 

Polyurethanes                 Ref. [9, 20, 21] 

 

Polyanhydrides                       Ref. [22] 

 

Polyester urethanes          Ref. [23, 24] 

Polyphosphazenes
*
               Ref. [9, 25] 

 

 

 

Polyalkylcyanoacrylates   Ref. [9, 27] 

 

 

Poly(vinyl alcohol)               Ref. [16, 28, 29] 

 

 

 
*
R

1
, R

2
 - for example: imidazoles, aminoesters, alcohols – OC2H5, OCH3

 
 

 



  

Table 1 summarizes the division of common synthetic biodegradable polymers 

according to the chemical structure of the main chain [16].  

 There are many more polymers considered as biodegradable and suitable 

for medical application; however, these materials may lack a synthetic quality 

(starch, cellulose, microbial polyesters, etc.) and as a consequence are not 

included in this work.  

 It should be also noted that the biodegradation mechanism of the polymers 

described above varies significantly. While polyesters, poly(amide-enamine)s, 

polyanhydrides, polyphosphazenes, poly(ortho esters), and poly(alkyl 

cyanoacrylates) can be break down thorough hydrolysis of the main chain, 

polyurethanes, polyureas and polyvinyl alcohol are degraded by microorganisms 

or enzymes [9, 16]. Of these, polyester-amides and polyester urethanes consist 

of an easily hydrolysable ester bond and hydrolytically very stable amide and 

urethane bond, respectively. This leads to either only partial biodegradation or 

requirements of conditions concerning both specific enzymes (e.g. papain, 

subtilisin for polyurethanes) and water [9, 18]. 

 Some monomers used as raw materials for polymer synthesis tend to be 

incompatible or often toxic to living organisms. Prime examples are di-

isocyanates (4, 4′-methylenediphenyl diisocyanate) or diamines, as used in 

polyurethane and polyamide manufacturing, respectively. To overcome such 

limitations other biocompatible diisocyanates such as lysine diisocyanate (LDI), 

and 1,4-diisocyanatobutane (BDI) have been developed [9, 30, 31].  

     

2. Biodegradable polyesters  

 Of synthetic biodegradable polymers, it is polyesters that especially play a 

dominant role. This is due to their relatively easy availability and good physico-

chemical properties, but specifically their bioresorbability, which is defined as 

follows by VERT et al. (1992): “The ability of materials and devices to show 

bulk degradation and further desorption in vivo; e.g. polymers, which are 



  

eliminated through natural pathways either because of simple filtration of 

degradation by-products or after their metabolization” [13]. 

 

2.1. Polylactic acid (PLA) 

Also known as polylactide, this belongs to the family of aliphatic polyesters 

(Figure 2) commonly made from α-hydroxy acids. PLA is a high strength and 

high modulus thermoplastic. Due to its properties it is used in a number of 

applications - from biomedical to conventional thermoplastics [32]. 

 

O CH

CH3

C

O

OH

n
 

Figure 2 - Chemical structure of PLA 
 

PLA is thermoplastic polyester which can by prepared in either crystalline 

or amorphous form. This is caused by the stereo regularity of the monomer 

(lactic acid or cyclic dimer lactide), hence PLA can exist in 3 forms - PLLA, 

PDLA and PDLLA. All of these three forms could possess different properties 

depending on their isomer composition. While PLLA is crystalline, PDLLA is a 

completely amorphous polymer. Due to its crystallinity, poly(L-lactide) 

possesses better mechanical properties than poly(DL-lactide). Pure PLLA can 

crystallize, but if more than 15% D form is present in the polymer chain, it is 

only possible to obtain amorphous material [33, 34]. 

Under normal conditions PLA is a brittle and hard polymer with a glass 

transition temperature of between 55°C-65°C and a melting point at around 

160°C-170°C. Its comparison with other plastic is shown in Figure 5. Chemical, 

physical, mechanical and other properties are functions of temperature, 

molecular weight, chemical composition (copolymer presence), additives and 

processing methods, etc [32]. 



  

PLA is soluble in chloroform, acetone, dichloromethane and benzene but 

insoluble in cyklohexane, methanol and ethanol. It demonstrates reasonable 

resistance to fats and oils. Its solubility parameter is as follows: δp at 25°C = 19-

20.5 J
0,5

.cm
-1.5

. The most important mechanical properties are summarized in 

Table 2 [35].  

 
Table 2 - Typical mechanical properties of PLA 

Property Unit Value 

Tensile strength  [MPa] 68 

Elongation at break [%] 4 

E-Modulus [MPa] 3000 

Flexural strength [MPa] 98 

Izod impact [J.m
-1

] 29 

Density [kg.m
-3

] 1.26 

 

As a monomer, lactic acid or preferably lactide (3,6-Dimethyl-1,4-

dioxane-2,5-dione) is used. Reaction can be performed in the molten state as 

well as in solution under an elevated temperature (120°C - 200°C). The 

synthesis of most polyesters for medical application is very similar and will be 

further discussed in a separate section. 

 

2.2. Polyglycolic acid (PGA) 

PGA is the simplest linear aliphatic polyester. It is a highly crystalline 

polymer (45% - 55%) with a high melting point (Tm ~ 225°C) and a relatively 

high glass transition temperature (Tg ~ 40°C). Its high crystallinity makes this 

material insoluble in most organic solvents, excluding some highly fluorinated 

organic solvents, e.g. hexafluoroisopropanol.  

 

O CH2 C

O

OH

n
 

Figure 3 - Chemical structure of PGA 

 



  

Its density is higher than in the case of PLA 1.5-1.7 g.cm
-3

. Although 

PGA exhibits great strength (>65 MPa), E-modulus (up to 7000 MPa) and 

elongation 15% - 20%, its stiffness makes it unsuitable for most applications in 

implant or suture specializations. Furthermore, its relatively high degradation 

rate is undesirable and can cause localized damage to living cells (localized 

lowering of pH). However, after copolymerization of PGA with another 

polyester (especially PLA, PCL), such materials exhibit excellent properties for 

medical applications [36, 37]. 

 

2.3. Poly(ε-caprolactone) (PCL) 

PCL is also a semi-crystalline polymer with Tm ~ 60°C and Tg ~ -60°C 

(the lowest in the family of common hydrolysable synthetic polyesters) [37]. 

 

O (CH2)5 C

O

n  
Figure 4 - Chemical structure of PCL 

 

PCL is soluble in chloroform, dichloromethane, carbon tetrachloride, 

benzene, toluene, cyclohexanone and 2-nitropropane at room temperature. It has 

low solubility in acetone, 2-butanone, ethyl acetate, dimethylformamide and 

acetonitrile and is insoluble in alcohol, petroleum ether and diethyl ether. The 

tensile strength of bulk PCL ranges from 10.5 to 16 MPa, E-modulus ~ 350 

MPa, which is much lower compared to PLA or PGA. On the contrary, 

elongation of 300% - 500% is more than 10 fold higher. Although PCL was one 

of the earliest synthetic biodegradable polyesters synthesised in the early 1930s, 

its popularity in the research field was suppressed especially due to its long 

degradation time (2 - 3 years). However, with furthering development in the 

field of biomaterial applications, especially in tissue engineering in the last 20 

years, PCL is once again in the limelight [37, 38, 39]. 



  

 

2.4. Polydioxanone (PDO) 

In contrast with other polymers discussed in this section, PDO is not a 

pure polyester but poly(ether-ester) (an ether bond in the main chain, Figure 5). 

As in previous cases, PDO is a semi-crystalline polymer (up to 55%) 

demonstrating Tm ~ 60°C and Tg ~ 0°C.  

O CH

CH3

CH2 O CH

CH3

O

n
 

Figure 5 - Chemical structure of PDO 

 

PDO exhibited a tensile strength ~ 48 MPa and E-modulus of about 1500 MPa, 

which is lower than for PLA and PGA but considerably higher than for PCL. 

However, elongation in the range 500% - 600% is comparable to PCL and far 

exceeds PLA and PGA. PDO is soluble in most common organic solvents 

(CHCl2, CHCl3) and is often used as a suture in surgical applications [38, 40, 41, 

42]. 

 

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

The high rigidity of PLA and its low degradation times can be 

significantly improved by copolymerization with other polyesters. In particular, 

the copolymers of PLA (including PDLA) and PGA (Figure 6) have very good 

properties and are widely used in many applications from implants and sutures 

to drug encapsulation. While both pure homopolymers tend to be crystalline, 

their copolymers are highly amorphous (in composition in the region of 25% - 

70% of the glycolide unit). This is caused by chain irregularity due to the 

presence of a second component [37].  
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n m
 

Figure 6 - Chemical structure of PLGA 

 

The glass transition temperature of copolymers lies between 50°C - 55°C 

and their degradation time is strictly dependent on composition and usually 

varies in the region of several months. It is interesting that, for example, a 

copolymer containing 50% glycolide and 50% DL-lactide degrades faster than 

either homopolymers. The mechanical properties of PLGA are close to those of 

PDLA: tensile strength ~ 35 MPa, Modulus ~ 1700 MPa, elongation ~ 5% [35, 

37, 38, 43]. 

 

3. Chemical synthesis of biodegradable polyesters 

The chemical synthesis of the above-mentioned polyesters can be 

performed either through simple polycondensation of the bifunctional monomer 

(hydroxyacid, Figure 7) or by so-called ring opening polymerization (ROP) of 

cyclic monomers (Figure 8) [35]. Both methods involve elevated temperature 

and the presence of a catalyst (acid, organometallic compound, etc.). Typical 

conditions for synthesis of a biodegradable polyester are shown in Table 3. 

 
Table 3 - Typical ROP and polycondensation conditions 

 ROP Polycondensation 

Temperature 120°C - 170°C 160°C - 220°C 

Catalyst Organometallic compounds, 

ligands 

acids 

Monomer purity extremely high can contain water 

Reaction time ~ 12 hours ~ 24 hours 

Environment Low pressure or inert atm. Low pressure 

Performing melt melt, solution, solid state 

 

  

 



  

Polycondensation 

From a practical viewpoint, the polycondensation of appropriate hydroxy 

acids is simple because of their low cost and easy availability [44, 45]. For 

example, lactic acid can be prepared from renewable resources by fermenting 

naturally occurring sugars [46]. The only exception is for synthesis of PDO, 

which is limited merely to ROP; (p-dioxanone is synthesized by oxidative 

dehydrogenation of diethylene glycol over CuO) [47]. 

 

OH CH

CH3

C OH

O

OH CH2 C OH

O

OH CH2CH2CH2CH2CH2 C

O

OH

lactic acid glycolic acid 6-hydroxycaproic acid

 
Figure 7 - Linear hydroxy acids as monomers for polycondensation 

 

Ring opening polymerization 

However, ROP requires lower reaction times and the molecular weight 

reached can be significantly higher than in the previous case (several hundreds 

of thousands vs. tens of thousands). Moreover, no low molecular by-product is 

formed [43, 45, 46]. 

O

O

CH3

O

O

CH3

O

O

O

O

O

O

O

O

O

lactide glycolide caprolactone p-dioxanone

 
Figure 8 - Cyclic monomers for ROP 

 



  

 Nevertheless, preparing and purifying cyclic monomers is a very 

expensive and time-consuming operation  [32]. 

Other methods 

In addition to chemical synthesis, some of these polymers, e.g. lactic acid, 

can be prepared by a biotechnological pathway - enzymatic synthesis, which is, 

however, beyond the scope of this thesis [48]. 

 

4. Conducting polycondensation of polyesters    

Synthetic polycondensation of simple hydroxy acids can be practically 

performed in 3 different ways (states).   

 

Polycondensation in the molten state 

In direct melt polycondensation, hydroxy acid is transferred into polyester 

by condensation reactions between hydroxyl (OH) and carboxyl (COOH) 

groups, without using any solvents or external coupling agents. Due to the 

structure of the monomer - one hydroxyl and one carboxyl group in the 

molecule - a 1:1 equilibrium of reaction groups is always maintained. However, 

it is difficult to synthesize high molecular weight polymer in a satisfactory time 

due to the high viscosity of the polymer melt. Therefore, this method is not 

widely used [32, 49, 50]. 

 

Solution polycondensation (SP) 

SP is a method which can afford polyesters with a high molecular weight 

(Mw ~ 1.10
5
 g.mol

-1
). Nevertheless, a relatively long reaction time and high 

temperature is required and the simultaneous use of solvents results in 

complexity of the process’s control, resulting in high cost of the product. 

Furthermore, it is hard to remove the solvent completely from the end product 

[51]. As regards the solvent, there exists the option to use p-xylene, o-



  

chlorotoluene and diphenyl ether. The Mw reached varied from 2.6×10
4
 to 

4.0×10
4
 kg.mol

-1
(in the case of lactic acid polycondensation) [52]. 

 

Solid State Polycondensation (SSP) 

SSP (or an ester interchange reaction) appears to be an effective route for 

PLA and PGA polyester synthesis, when compared with ROP and simple 

polycondensation.  

OH CH C OH

O

CH3

O CH C OH

O

CH3

H

m

O CH C OH

O

CH3
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n
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(water solution)

oligomer

m = 8 - 15

PLA

high moleular 
weight

melt state solid state

~180  °C

catalyst, vacuum

Below Tm

Vacuum or
inert gas

 

Figure 9 - Solid state polycondensation process 

 

This is based on catalyzed reactions between hydroxyl and carboxyl end 

groups inside the amorphous region of a low molecular weight prepolymer 

(Figure 10), which leads to a rise in molecular weight. The process is as appears 

in Figure 9, where PLA was taken as an example [53]. 
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Figure 10 - Mechanism of SSP of PLA catalyzed by binary catalyst system [49] 



  

 

A semi crystalline solid prepolymer of relative low molecular weight in 

powder, pellet, chip or fibre form is prepared. Then it is heated to a temperature 

below Tm (5 - 15°C) but above Tg (to improve the mobility and subsequent 

reaction of the end groups) in the presence of a suitable catalyst [53, 54]. 

Molecular weight can reach 5.10
5
 g.mol

-1
 but reaction time is relatively long (~ 

30 h). The advantages of SSP include low operating temperatures, which control 

any side reactions, as well as thermal, hydrolytic and oxidative degradations, in 

addition to reduced discoloration and degradation of the product. SSP polymers 

often have improved properties, because monomer cyclization and other side 

reactions are limited. There is practically no environmental pollution, as no 

solvent is required [50, 55]. 

Prior to SSP it is favourable to promote crystallization of prepolymer of low 

molecular weight, and facilitate concentration of the catalyst and remaining 

monomer into amorphous regions. In the case of the SSP of PLA, it was 

observed that bimodal distribution is often achieved. This was explained by 

heterogeneous elongation of the polymer chain, which simultaneously 

crystallizes during SSP [49]. 

 

Selection of catalyst 

As all synthetic biodegradable polyesters are primarily used in biological 

applications or in contact with food (packaging), the catalyst used for synthesis 

should be carefully chosen. Tin compounds are one of the most effective 

catalysts for producing biodegradable polyesters. However, some of them, 

especially the organic-based type, exhibited toxicity that increased in 

conjunction with concentration; it is also problematic to remove them from the 

polymer after synthesis [49, 56, 57]. 

 



  

5. Modifications to biodegradable polyesters 

In some cases the properties of the materials described above are unsuitable 

for certain applications, hence chemical or physical modification to them is 

desirable. For example, the high degree of crystallinity of PGA makes it 

insoluble in most solvents. Furthermore, the low hydrophilicity of PLA and PCL 

causes poor adhesion of cells to their surfaces. This is especially important in 

tissue engineering applications [58, 59]. 

Therefore, the reason to modify these polymers is, in particular, to fine-tune 

their mechanical properties, degradation behaviour, crystallinity and 

processability or surface properties. These improved properties can be obtained 

through two main approaches - bulk and surface modification [58, 59]. 

 

5.1. Bulk modifications 

There are three main types of bulk modification utilized for biodegradable 

polyesters: blending, copolymerization and chemical functionalization [59]. 

 

- Blending 

This is one of the most common bulk modification techniques in the polymer 

industry. It is based on adding a low molecular weight component to the 

polymer system or mixing two or more polymers. In the case of 

biodegradable and biocompatible polyesters, plasticizers (e.g. tributyl citrate 

added to PLA) and various stabilizers are supplemented. The polymer 

blends/polymers of these materials have also been intensively studied, 

especially in order to manipulate hydrophilicity and degradation behaviour. 

Various compounds from the family of natural (starch, proteins) and 

synthetic (PEG, PVA) polymers have been used, in addition to which mutual 

blends of biodegradable polymers such as PLA/PCL have proven highly 

promising. The blends can be prepared by straightforward mixing of the 



  

components in molten state (in an extruder) or in a suitable solvent [60, 61, 

62, 63]. 

 Finally, biodegradable polyesters have turned out to be a suitable matrix for 

particular fillers, of organic or even inorganic type. Such composites exhibit 

improved mechanical and thermal properties. As fillers, investigation has 

been conducted on clay, carbon nanotube, calcium carbonate, natural fibres 

and many other forms [64, 65, 66]. 

 

- Copolymerization 

The term copolymerization means polymerization of two or more monomers, 

in which the copolymer is formed. The copolymers usually possess 

significantly different properties than each homopolymer. In relation to 

biodegradable polyesters, various types of copolymer with a broad range of 

properties have been synthesized. In this chapter, attention will be paid to 

some of the most interesting materials.  

A) Poly(Lactide-co-Glycolide) (PLGA) 

 

PLGA (Figure 11) can be synthesized through a polycondensation reaction, or 

via ROP of cyclic diesters. Of these, ROP is the preferred method of synthesis 

due to shorter reaction times and higher monomer conversion rates [67]. 
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Figure 11 - Structure of PLGA copolymer 

 

PLGAs usually exhibit lower crystallinity and melting temperatures. The 

degradation characteristics of the PLGA could be adjusted by controlling the 

ratio of LA to GA in the feeding dose. The degradation rate of PLGA is faster 

than that of PLA, and can be enhanced by increasing GA content. Typical 

degradation times are between 30-80 days, with the composition of GA between 



  

15-50%.  PLGA composed of the ratio 50:50 is entirely amorphous. [68] The 

PLGA copolymer is used as a suture material in the form of various 

bioabsorbable stents (Vicryl) and meshes, as well as matrixes for drug delivery 

applications [67]. 

 

B) Poly(Lactide-co-Ethyleneglycol) 

Probably the most extensively studied copolymer of synthetic biodegradable 

polyester PLA, this is a block copolymer of PLA (A) and PEG (B) of the 

structure A-B-A or A-B. These types of copolymers have exhibited phase 

separation due to incompatibility between both components; hence mechanical 

properties are usually poor. The scheme of catalysed synthesis from methylated 

PEG and lactide by ROP is depicted in Figure 12. 
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Figure 12 - ROP synthesis of PLA/PEG copolymer type A-B 
 

Due to the presence of the PEG block in the polymer chain, hydrophilicity can 

be greatly enhanced, in addition to which molecular weight can be modified 

depending on the PEG used. The degradation products of the PEG–PLA block 

copolymer can enter the tricarboxylic acid cycle or be eliminated by the kidney. 

Thus, in low concentration the copolymer is non-toxic and not accumulative in 

vivo. These materials are widely used in drug delivery applications due to their 

unique properties. The amphiphilic nature of these copolymers enables the 

formation of micelles in water through a self-assembly process, with the 

hydrophobic PLA acting as the core (reservoirs) for hydrophilic PEG and the 

drug, as the shell projecting into the aqueous environment. The use of PEG in 



  

the copolymers is also to reduce particle uptake by the mononuclear phagocytic 

system, sometimes also referred to as the “stealth or hindering function”, 

compared with particles without PEG attachment. This function enables the 

particle to circulate longer in vivo [69, 70]. 

Based on composition and preparation methods, various forms of PLA-PEG 

structures, such as nanomicelles, polymersomes, nanospheres and nanocapsules, 

can be prepared. 

 

C) Graft copolymers 

The highly promising materials with this structure are copolymers of 

biodegradable polyesters with natural polymers, e.g. starch, dextran and 

chitosan. These natural polymers are enzymatically degradable as well as 

biocompatible. Chitosan-grafted-PLA hydrogels can be prepared by attaching 

PLA to the chitosan main chain and these materials can be used as hydrogels 

[71, 72]. 

- Chemical functionalization 

A disadvantage of all the synthetic biodegradable polyesters mentioned above is 

the absence of any reactive group along the main chain. The term chemical 

functionalization denotes the introduction of new chemical groups into the 

polymer chain, or change in the nature of those that are already present (terminal 

groups).This can be achieved via three approaches: 

A) Polymerization of substituted monomers 

This utilizes ROP reactions of substituted cyclic monomers (e.g. lactides, 

caprolactone). Different functional groups, especially hydrophilic, halogenated, 

and unsaturated groups, are attached to aliphatic polyester chains. Although 

these functional aliphatic polyesters are potentially biodegradable and 

biocompatible, their properties have to be assessed. Applying them in various 

spheres has yet to be explored [73, 74]. The structure of some substituted cyclic 

monomers and corresponding polymers are shown in Figure 13. 
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Figure 13 - The structures of functionalized PCL monomers with a corresponding 

polymer structure 

 

The disadvantages of this approach primarily include substantial requirements 

for monomer purity, frequently complicated synthesis and the necessity to 

deprotect the functional group [74, 75, 76]. 

 

B) Postpolymerization reactions 

Here, the reactions are performed either on the end groups or along the polymer 

chain. Although there are no reactive side groups in the simple homopolymers 

of synthetic biodegradable polyesters, it is possible to graft unsaturated 

polyanhydrides that are able to undergo further reaction (e.g. with amines). The 

reaction below (Figure 14) is catalyzed by peroxides [77]. 
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Figure 14 - Structure of maleic anhydride grafted on a PLA chain 

 



  

The chemical modification of end groups is another means of getting new 

functional groups in the polymer structure. The reactions are usually relatively 

simply to perform even under moderate conditions [78]. As an example, 

hydroxyl end groups can be converted to chloride, amine or carboxylic. 

However, due to relatively low concentrations of the end groups, these types 

modifications usually only exhibit a minor effect on polymer bulk properties 

[73]. 

 

C) Polymerization in the presence of a modifying agent 

This represents a rather specific type of modification. It is based on the 

polycondensation reaction of corresponding di-acids in the presence of small 

amount of another, usually bi-functional, compound (PEG, dicarboxylic acid). 

Such modified polymers exhibit increased hydrophilicity and are often further 

used for reaction with chain linkers to provide a high molecular weight polymer. 

The disadvantage of such products is their low molecular weight because the 

modifying agents terminate the growing polymer chain. If a tri-compound and 

more functional compound are used as a modifier, then highly branched 

structures can be achieved. 

 

5.2. Surface modifications 

Special surface chemical functionalities, hydrophilicity, roughness, topography, 

surface energy and charge govern the biocompatibility, cell affinity and 

necessity for control. A variety of synthetic polymers, natural polymers and 

biomacromolecules have been used to tailor these properties through a variety of 

techniques. Surface-modification methods can be classified as temporary (non-

covalent attachment) and permanent (covalent attachment) [59]. 

- Coating 

This is one of the simplest and cheapest techniques for surface 

modification. It is based on deposition or absorption of the modifying 



  

agent to the surface of polymer. It is commonly used in the case of 

proteins, e.g. fibronectin or collagen, as well as various block copolymers 

[58, 59]. 

- Entrapment 

A method requiring a miscible mixture of a solvent and non-solvent, the 

surface-modifying molecules of which are soluble in the mixture and the 

non-solvent. Exposing the polymer surface to the solvent/non-solvent 

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 [58, 59]. 

- Plasma treatment 

Plasma can be described as a mixture of positive ions and electrons 

produced by ionization. It is possible to create various functional groups 

on the polymer surface via this technique. The form of such functional 

groups is driven by the type of plasma used (NH3, N2, O2). Plasma 

treatment has been successfully used to improve wettability and cell 

affinity. However, the main disadvantage of this technique is that the 

effectiveness of the surface modification is partially reduced due to 

surface rearrangement [58, 59]. 

- Chemical modification 

This is a method based on the reaction of reactive groups on the polymer 

surface with a modifying agent (e.g. proteins, other polymers or 

copolymers).  

In the case of biodegradable polyesters, it is possible to partially 

hydrolyse the ester bonds on the surface by treating with NaOH solution. 

The carboxylic groups created increase hydrophylicity and allow further 

functionalization by chemical reaction.  It is also possible to obtain 

reactive end groups on the surface through conducting polymerization of 

functionalized monomers, as described in the previous chapter. An 



  

example of chemical surface modification is shown in Figure 15. The 

reactivity of COOH groups is firstly boosted by reacting with PCl2, SOCl2 

or carbodiimides, followed by a chemical reaction with amine (–NH2) or 

hydroxyl (–OH) functionalities [58, 59, 74]. 

 

 
Figure 15 - Chemical surface modification through carboxylic groups [58] 

 

- Micro- and nano-patterning 

A method significantly different from all those mentioned above, it is 

based on creating a specific physical pattern, e.g. ridges, grooves or pillars 

on the polymer surface, usually via lithography, where the typical depth is 

about 2 μm. Besides a physical pattern, it is also possible to create a 

chemical one through the means of microcontact printing [58, 59]. 

 

6. Biodegradation of synthetic polyesters under physiological 

conditions 

Biodegrading synthetic polyesters require two steps. Firstly, the ester which 

is bound is attacked and hydrolyzed either by molecules of water or 

enzymatically. Then, low molecular weight intermediates (corresponding 



  

hydroxy acids and oligomers) can be converted to the end products H2O and 

CO2 through a citric acid cycle or are excreted via the kidneys. The degradation 

rate depends on many factors such as temperature, humidity, crystallinity, 

additives, the presence of a catalyst, the size and shape of a product and 

molecular weight [79]. For synthetic polyesters there are two different 

mechanisms of degradation, which are depicted in Figure 16a-c [38, 80].  

 

 

Figure 16 - Degradation modes for degradable polymers: surface erosion (a); bulk 

degradation (b); bulk degradation with autocatalysis (c). Reproduced with permission 

from (2010) Elsevier [38] 

 

Bulk degradation 

PLA, PGA, PCL and PDO: for these polymers it is typical that chain 

scission is homogenous along the whole cross section of a sample. This is 

caused by penetration of water into an approximate hydrophilic matrix, which 

triggers the hydrolysis of ester bonds (Figure 16b). In some special cases (high 

volume sample-like implants) degradation could be faster inside than on the 

surface due to the difficulty of low molecular weight compounds (acidic) to 

diffuse out, which leads to autocatalysis and faster hydrolysis inside rather than 

outside of the specimen (Figure 16c). As a consequence there is either no loss or 

minor mass loss till a certain time has passed. After this period, significant loss 



  

of mass started as the degradation products are diffused out and the integrity of 

the specimen is highly disrupted  [80, 81]. 

Surface erosion 
Described as degradation, this occurs at the surface and progresses from it 

into the bulk (Figure 16a). This is typical for polyanhydrides and poly(ortho-

esters). Mass loss during degradation is linear because degradation products are 

simultaneously removed to the surrounding environment; however, the 

molecular weight of the remaining sample stays constant because water cannot 

penetrate the specimen. A surface erosion mechanism is especially desirable in 

the application of drug delivery [81]. 

Degradation rates of common synthetic polyesters 

Comparisons of the degradation times of synthetic biodegradable 

polyesters discussed in this work are summarized in Table 4. The differences in 

degradation rates are mainly related to the ability of water to diffuse to the 

polymers and sterical hindering of the bound ester by the presence of the 

pendant group (methyl-in polylactides). The former is principally affected by the 

degree of crystallinity and hydrophobicity. It is known that amorphous regions 

are degraded much faster than crystalline ones. Copolymers are generally 

degraded faster than homopolymers due to restricted crystallization, as 

mentioned in section 5.6 [82]. 

 
Table 4 - Degradation times of different polyesters under physiological conditions 

[83] 
 

Polymer Degradation time (months) 

PLLA 18 - 24 

PDLA 12 - 16 

PGA 2 - 4 

PDO 6 - 12 

PCL > 24 

PLGA (50:50) 2 

PDLGA (85:12) 5 

PDLCL
*
 (90:10) 2 

* copolymer of DL-lactide and caprolactone 



  

 

7.   Applications of synthetic biodegradable polyesters in 

 medicine 

The general applications of synthetic polyesters can be divided into two 

groups - medical and ecological. The latter is mainly limited to PLA and 

includes the packaging and fibre-producing sectors. However, this does not 

directly pertain to the main task of this work. Therefore, importance is paid to 

medical applications [12]. 

 

Implants and surgery 

The first medical utilization of synthetic biodegradable polyesters was in 

sutures (Dexon®, Vicryl®), followed by fixation devices (Biofix). They are 

currently used in orthopaedic and oral surgeries in the form of plates, pins, 

screws, and wires. In contrast with metal devices, they do not need removal by 

further surgery after re-joining fractured bones, which is highly beneficial to 

patients. Degradation is driven mainly by the composition of the polymer 

(copolymerization). For sutures, the copolymers PLA, PGA, PCL and PDO tend 

to be used rather than pure homopolymers, while large implants are mainly 

based on PLA and PGA due to their good mechanical properties [37, 84]. Some 

examples of applications are shown in Figure 17. These products are produced 

by traditional processing methods for polymers, e.g. injection moulding [85, 86]. 

 
Figure 17 - Bioresorbable suture made from PDO (left); implants for  

fracture fixation (right)[86] 
 

 



  

Drug delivery systems (DDS) 

The release of drugs, absorbed or encapsulated by polymers, involves 

their slow and controllable diffusion from/through polymeric materials. The 

objectives of DDS include the sustained release of drugs for a desired duration 

at an optimal dose and targeting drugs to diseased sites without affecting healthy 

sites. To this end, nanospheres (micelles), microspheres, or other shaped 

polymeric devices are utilized [12]. The shape of the most widely used drug 

carriers is a microsphere, which incorporates drugs and releases them through 

physical diffusion, followed by resorption of the microsphere material. Such 

microspheres can simply be prepared via a solvent-evaporation method [51, 87, 

88, 89]. An example of a drug-loaded microparticle is depicted in Figure 18.  

 
Figure 18 - SEM micrographs of leuprorelin-loaded, poly(lactic-co-glycolic acid) 

(PLGA) based microparticles (Lupron Depot®) used for treating prostate cancer: A - 

overview on an ensemble of microparticles, B - surface of a single (smaller) 

microparticle, C - surface of a single (larger) microparticle, D - partial cross-section 

of a single microparticle. Reproduced with permission from (2006) Springer [90] 

 

Scaffolds 

Scaffolds are required for tissue construction if the lost part of the tissue is 

so large that it cannot be cured by conventional drug administration. Generally, 

scaffolds used in tissue engineering are porous and three-dimensional to 

encourage infiltration of a large number of cells into the scaffolds (Figure 19). 



  

Currently, polymers used for scaffolding include PLGA, PCL and natural 

biopoplymers [12]. For scaffold formation techniques the electrospinning 

process or solvent casting/salt leaching method are widely used [38, 91]. 

 

 
Figure 19 - SEM micrographs of a poly(l-lactic acid) (PLLA) under different 

magnification (a, b.) Open access journal (2011) International Journal of Polymer 

Science [92] 

 

 

Hydrogels 

Hydrogels are three-dimensional networks formed from hydrophilic 

homopolymers, copolymers, or macromers (pre-formed macromolecular chains) 

crosslinked to form insoluble polymer matrices [93]. Biodegradable hydrogels 

can be used as haemostatic agents, wound covers, adhesion prevention layers, 

adhesives and drug carriers. As the synthetic polyesters discussed are bi-

functional and relatively hydrophobic, their application in the hydrogel area is 

only possible in conjunction with the presence of cross-linkable components 

(PVA, Gelatine, PEG). An exhaustive review of these materials can be found 

under References [93, 94]. 



  

AIMS OF THE DOCTORAL STUDY 

Biodegradable polyesters appear to be materials with great potential in medical 

applications, such as drug delivery systems or tissue engineering. Polylactide is  

one of these promising types. Despite many works existing on synthesis, 

modification and/or degradation of PLA, many questions remain unanswered. 

Firstly, there is the question of the potential toxicity of the residual catalysts. 

Secondly, there is a need for polymer functionalization with respect to the 

relevant compatibility of the polymer with living organisms. Describing and 

understanding the degradation process under specific conditions is also 

important. The following goals have been defined on the basis of review of the 

literature and latest advances in the given field:  

 Developing and optimizing the polylactide synthesis method through 

polycondensation of the lactic acid monomer using a non-metallic 

catalyst. The output should provide relevant information about reaction 

conditions providing a polymer with optimal molecular weight. 

 Developing a novel synthesis procedure, leading to the introduction of 

polar functional groups into the structure of the polylactide. Detailed 

characterization of the product is a crucial part of this task.  

 Investigating possible methods for increasing polylactide molecular 

weight by using novel postpolycondensation techniques.  

 Describing the degradation process of the developed material under 

various conditions simulating the human body.  

Besides these aims, the application aspect of research outcomes shall be 

considered. Cooperation with private companies as well as other academic 

institutions is naturally expected.  

 

 

 

 



  

SUMMARY OF THE PAPERS 

In the following chapter, short summaries, major results and findings published 

in Papers I to IV, as attached, are presented. This chapter is divided into two 

thematic parts according to the main aims of the doctoral study; (i)synthesis and 

modification of lactic acid based polymers and (ii)degradation behaviour under 

a specific abiotic condition.  

 

In Paper I - “Optimization of reaction conditions and the characterization 

of L-Lactic acid direct polycondensation products catalysed by a non-

metal-based compound”, an investigation was conducted on preparaing PLA 

catalysed by a non-metallic-based compound, methanesulfonic acid (MSA. The 

paper focused on researching optimal MSA concentration, reaction temperature 

and time. 

The reaction was performed in a glass flask under the reduced pressure of 

15 kPa and the following parameters were setup: 

Temperatures – 130, 145, 160, 175 and 190°C, MSA concentration – 0 - 1.6 

wt%, reaction time - 6, 12, 18 and 24 hours. The products of polycondensation 

were characterized by gel permeation chromatography (GPC), viscometric 

measurements, Fourier transform infrared spectroscopy (FTIR) and differential 

scanning calorimetry (DSC). Prior to analyses, all the products were dissolved, 

precipitated into a water/methanol mixture, washed with distilled water a 

number of times and finally dried under reduced pressure for several days 

(30°C). 

The results show that the optimal concentration of MSA was 0.5 wt%. 

The optimal MSA concentration was taken from the highest value of [η] after 24 

hours (0.16 dl.g
-1

) and reaction conditions: 160°C, pressure 15 kPa. This 

concentration was maintained in all other experiments conducted at various 

temperatures and reaction times. 



  

As the optimal reaction condition, the temperature 175°C and time of 18 

hours were found to be most favourable. The values of Mw reached 17,200 

g.mol
-1

, with a polydispersity of below 2. Thermal analysis of the prepared 

PLAs showed the possible occurrence of two crystalline phases. The melting 

temperature and Tg shifted toward higher values with a rising Mw. The sample 

with the highest Mw showed melting peaks at 132°C and 147°C, Tg at 57°C and 

crystallinity (Xc) of 40%. 

The low molecular weight PLA obtained can be used in drug delivery 

applications or further copolymerization or modification through end groups. 

 

Paper II - “Functionalization of polylactic acid through direct melt 

polycondensation in the presence of tricarboxylic acid” - described the 

modification of PLA by citric acid (CA). The goal of this work was to bring 

COOH groups into the polymer structure and investigate the resulting material 

properties.  

In addition, detailed study of the co-polycondensation process, its limitations 

and an investigation into reaction products properties are other matters this 

article deals with. 

The influence of CA on molecular weight, thermal and physicochemical 

properties and chemical structure of the products was investigated, using 

viscometric measurements, GPC, H-NMR spectroscopy, DSC, acidity number 

determination, and FTIR and UV spectroscopy.  

Generally, adding CA to the reaction mixture led to significant reduction 

in the molecular weight of the polycondensation products. It was believed that 

CA terminated the growth of the polycondensates chain. However, at a low 

concentration of CA (up to 1 wt%), the involvement of citryl units in the 

polymer chain as well as subsequent branching is possible. The termination 

processes are predominant at higher CA contents. The thermal behaviour 



  

showed that the materials possessed a semi-crystalline structure, but melting 

temperature generally dropped alongside increasing CA concentration.  

The functionalized PLA material obtained can be potentially used in 

applications where improved interactions with living systems are required. In 

addition, the introduction of carboxyl provides an option for further 

functionalization of the material through immobilizing or entrapping bioactive 

species 

 

Paper III - “The effect of various catalytic systems on solid-state 

polymerization of poly(L-lactic acid)” - was dedicated to evaluating the effect 

of various catalyst systems on solid-state polymerization (SSP) of PLA. This 

synthesis approach was found to be highly promising due to its simplicity, 

minimal energy requirements and high quality of the so prepared polymer. In 

this work, the following catalysts were used: tin dichloride, tin dioxide, tin 

octoate, citric acid, sulphuric acid, toluenesulfonic acid and methanesulfonic 

acid at the concentrations 0, 0.5, 1 and 2 wt%. The properties of the material 

prepared were studied in terms of molecular weight, structure and thermal 

properties.  

Solid-state polycondensation was carried out under the pressure of 100 Pa and 

temperature of 130°C. In terms of molecular weight, the best results were 

achieved with methanesulfonic acid, sulphuric acid and tin octoate, with Mw 

ranging between 57,000 – 92,000 g.mol
-1

. Of these, sulphuric acid caused 

serious discoloration, probably connected with side reactions, although thermal 

stability was better than other two catalysts mentioned above. On the contrary, 

tin octoate was found to be the most effective catalyst from the viewpoint of Mw, 

however, its thermal stability was very poor, which can prove limiting in 

practical usage. Finally, 1 wt% MSA could be considered an optimal catalytic 

system for PLA post-polycondensation reaction, due to provision of a 



  

reasonable balance between Mw enhancement as well as thermal stability of the 

products. 

 

Paper IV – “Novel aspects of the degradation process of PLA based bulky 

samples under conditions of high partial pressure of water vapour” - 

described differences between the degradation of poly(L-lactic acid) bulky 

samples in a high humidity environment versus a buffered liquid medium. It is 

known that in some specific areas of the human body, like the respiratory tract 

or middle ear area, a high humidity environment is typical hence information on 

PLA degradation is essential.  

In this work, the PLA specimens had the shape of a tube with the 

dimensions 10 x 4 mm in length and inner diameter, respectively. The PLA was 

synthesised in the laboratory, its Mw equalling 34,000 g.mol
-1

. Analytical 

techniques of optical and electron microscopy, GPC and SC were used to 

evaluate the material’s morphology, molecular weight, crystallinity and thermal 

properties.  

Degradation was studied separately in the core and surface of the test 

specimens under both testing conditions (100% relative humidity and liquid 

buffered medium, pH=7.4). It was found that degradation in the liquid medium 

led to multiphase core-cortex morphology formation, while the environment 

with high humidity provided homogeneous-like bulk degradation. Mass loss was 

more dominant in a liquid buffered medium due to the ability of the degradation 

product to dissolve and diffuse out from the specimen.  

The measuring of thermal properties showed a noticeable decrease in the 

Tg and Tm of samples exposed to 100% relative humidity in contrast with the 

liquid buffered medium, probably due to the presence of degradation products 

which could not leave the matrix.  

The results obtained can be applied, for example, in modelling and predicting 

PLA degradation in a high humidity environment.  



  

CONCLUSIONS 

On the basis of the theoretical part of this work, it is clear that synthetic               

biodegradable polyesters are one of the most important biomaterials. Of these, 

particularly poly(lactic acid) and its copolymers play the most significant roles. 

They can be synthesized by polycondensation or ring opening                  

polymerization to possess different variations and performance. Amongst these, 

simple polycondensation and solid-state polycondensation were the main focuse 

of the practical part of this thesis.   

Although this group of polymers exhibit very good performance in terms 

of mechanical and degradation behaviour, for certain applications it is        

sometimes necessary to modify them. Most adjustments are based on                 

bulk (copolymerization, functionalization) or surface (plasma treatment)      

modifications. 

The degradation of these kinds of materials under various conditions is 

widely known and described. Generally, the degradation of all synthetic             

biodegradable polyesters passes through hydrolysis of the ester bonds, which 

can even be random in complete matter, (homogenous – PLA, PGA), or can 

leach from its surface (heterogeneous – PCL). Once hydrolysis has reached a 

certain limit, when low molecular weight fragments are presented, these can be 

converted to waste or filtered out from a living system. 

Such materials can be found in various medicinal applications, e.g. 

implants, scaffolds and drug delivery systems. 

 

The practical part of this thesis can be concluded in two parts. The first is 

dedicated to the synthesis and modifications of a PLA based polymer, while the 

second describes degradation behaviour under a non-specific degradation 

environment. On the basis of experiments, the following general conclusions can 

be stated: 



  

 Methanesulfonic acid can be used as a catalyst for the synthesis of PLA in 

such cases when non-toxic compounds are required.  

 Citric acid can be used for carboxyl end group modification of PLA by a 

simple polycondensation reaction. 

 Solid state polycondensation of low molecular weight PLA is an effective 

way of preparing high molecular weight, and particularly methanesulonic 

acid and stannous octoate are very effective catalysts to achieve this. 

 The degradation (hydrolysis) of a bulky PLA sample in an environment of 

high humidity is significantly different from that observed in a liquid 

buffered medium. 

 



  

CONTRIBUTIONS TO SCIENCE AND PRACTICE 
The work presented provides the following contributions to science and       

technology. 

 A PLA polymer containing a non-toxic and environmentally friendly 

catalyst has been successfully prepared by simple polycondensation 

reaction of lactic acid. The optimal reaction condition and its basic 

properties have been determined. The product can be potentially used in 

medicinal applications, like drug delivery. 

 A polymer of lactic acid, containing citric acid was successfully 

synthesized and the structure and properties of this carboxyl-

functionalized PLA were deeply described. It is believed that the material 

could find potential use in fabrication where enhanced hydroplihilicity is 

necessary, or in further polymerization reactions, e.g. chain linking.  

 New information on the catalysis and conditions of solid-state 

polycondensation of low molecular weight PLA was brought. This 

method is especially suitable due to low energy requirements and high 

polymer quality.  

 Degradation of a PLA bulky sample in an environment of high humidity 

was described in detail and compared with that performed in a traditional 

liquid buffered medium. This information has never been published 

before and might be useful for predicting and modelling PLA implant 

degradation.  

The research activities proceed within this work were parts of following projects 

implementations: 

 CZ.1.05/2.1.00/03.0111 - Centre of Polymer Systems (MSM/RDIOP, 

2011-2014) 

 2B08071 - New methods of using of whey, as byproduct from dairy 

production for production of biologically degradable polymers (MSM/2B 

Health and quality of life, 2008-2011) 



  

 ME09072 - Study of polylactide based material for packaging 

applications (MSM/ME-KONTAKT, 2009 -2012) 

 MEB061102 - Functionalized polymers of lactic acid for biocomposite 

preparation (MSM/ME-KONTAKT, 2011-2012) 

Some of the results achieved within this work were protected by utility models. 

Transfer of the results is implemented through follow-up project in cooperation 

with private companies.  
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