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ABSTRACT: 
Presented diploma thesis deals with synthesis of biodegradable polyurethanes (bio-PUs) 

based on poly(ethylene glycol) (PEG) and poly(ε-caprolactone) (PCL) with potential use in 

medicine. The aim of the work was to develop the methodology for synthesis of elastomeric 

polyurethane that could be formed into scaffold applicable in tissue engineering for 

regenerative human medicine. 

The theoretical part summarizes the knowledge of various kinds of materials which are 

possible to use for intended application. Scaffold forming techniques, their biocompatibility 

and characterization of properties of resulting materials are involved. 

The experimental part is focused on the development of suitable methodology to prepare 

functional samples based on PEG, PCL, hexamethylene diisocyanate (HMDI) and stannous 

octoate as the catalyst. Effect of bio-PUs composition (mainly different amount and molecular 

weight of PEG) on the swelling and hydrolytic stability was investigated together with testing 

mechanical properties, monitoring the net formation and the degree of conversion. The 

morphology of prepared samples was analyzed by optical microscopy, chemical composition 

was confirmed by infrared spectroscopy and the thermal properties were measured by 

differential scanning calorimetry. 

As for methodology development, it was found that it is necessary to degas all feedstocks 

before synthesis, otherwise non-well polymerized samples with different pore size have been 

obtained. Synthesis of bio-PU was realized under the nitrogen atmosphere in two steps. First, 

both polyols (PEG and PCL) were homogenized on the vacuum line at 130 °C followed by 

the addition of  HMDI in the second step at 65 °C in glove-bag to obtain bio-PU samples. 

Finally samples were cured at the mould for 48 hours at 65 °C in oven. 

Based on the physical conditions of samples preparations, flexible bio-PU from white 

films through cloudy (with visible phase separation) to transparent films (clear) were 

obtained. Phase separation was confirmed by optical microscopy showing typical spherulite 

structure of crystalline phase (PCL) in amorphous matrix of PEG. 

The monitoring of net formation confirmed maximal conversion of polymerization (96 %) 

already after 4 hours of curing in the oven. Mechanical properties testing showed that 

important influence to rupture strength has isocyanate index (NCO/OH ratio). Different 

molecular weight of PEG showed influence to tensile properties as the specimens were 

completely cross-linked. Characterization of swelling exhibited increase the water uptake of 

samples with growing molecular weight of PEG (from 28 up to 58 wt.%). As well as, the bio-

PU samples having higher molecular weight of PEG degraded faster in water at 37 °C. 

In presented diploma thesis was confirmed that it is possible to control the hydrolytic 

stability of obtained biodegradable polyurethane elastomers by the amount and the molecular 

weight of PEG. 
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ABSTRAKT: 
Předložená diplomová práce se zabývá syntézou biodegradabilních polyuretanů (bio-PU) 

na bázi polyethylenglykolu (PEG-u) a polykaprolaktonu (PCL) pro využití k medicínským 

účelům. Cílem práce bylo vyvinout metodiku přípravy elastomerního polyuretanu, ze kterého 

by se dal v budoucnu připravit skafold (nosič buněk) použitelný v tkáňovém inženýrství pro 

humánní regenerativní medicínu. 

 Teoretická část práce shrnuje informace o materiálech využitelných pro zamýšlenou 

aplikaci. Zahrnuty jsou také techniky přípravy skafoldů, jejich biokompatibilita a 

charakterizace vlastností výsledného materiálu. 

Praktická část je pak zaměřena na navržení vhodné metodiky pro přípravu funkčních 

vzorků obsahujících PEG, PCL, hexamethylen-diisokyanát (HMDI) a ethylhexanoát cínatý 

jako katalyzátor. U připravených vzorků byl zjišťován vliv jejich složení (především různý 

obsah a molekulová hmotnost PEG-u) na botnání a hydrolytickou stabilitu společně s 

testováním mechanických vlastností, sledováním kinetiky síťování a stanovením stupně 

konverze. Morfologie vzorků byla sledována pomocí optické mikroskopie, chemické složení 

bylo potvrzeno infračervenou spektroskopií a tepelné vlastnosti byly určeny diferenční 

kompenzační kalorimetrií. 

Vývoj v metodice přípravy ukázal, že je nezbytné odstranit před syntézou z výchozích 

látek veškeré nečistoty, především vodu a kyslík, jinak vznikaly nedokonale zreagované 

vzorky s velkým obsahem pórů různých velikostí. Syntéza všech vzorků probíhala pod 

dusíkovou atmosférou ve dvou krocích, kdy v prvním se pouze homogenizovaly oba polyoly 

(PEG i PCL) na vakuové lince při 130 °C a ve druhém pak vznikaly výsledné bio-PU za 

přidání HMDI při 65 °C v inertní atmosféře manipulačního boxu. Vzorky pak byly 

dopolymerovány ve formě při 65 °C pod dobu 48 hodin v sušárně.  

Různé fyzikální podmínky metodiky vedly k přípravě jak neprůhledných bílých filmů, tak i 

vzorků s viditelnou separací fází až po flexibilní transparentní filmy. Pozorování optickým 

mikroskopem vzorků s fázovou separací prokázalo přítomnost sférolitické struktury 

krystalické fáze PCL v amorfní fázi matrice PEG-u. 

Sledování kinetiky síťování pomocí soxhletovy extrakce potvrdilo maximální konverzi 

polymerace (96 %) již za 4 h dopolymerování v sušárně. Testování zkouškou v tahu ukázalo, 

že výrazný vliv na pevnost v tahu má isokyanátový index (poměr NCO/OH skupin). 

Molekulová hmotnost PEG-u ovlivňovala pevnost v tahu jen u vzorků zcela zesíťovaných. 

Měření botnání vzorků ve vodě prokázalo, že s růstem molekulové hmotnosti PEG-u roste i 

obsah vody (od cca 28 až po 58 hm.%) ve vzorcích. Také degradace filmů ve vodě při 37 °C 

probíhala dle předpokladu rychleji u vzorků s vyšší molekulovou hmotností PEG-u.  

V předložené diplomové práci bylo potvrzeno, že množstvím a molekulovou hmotností 

polyethylenglykolu je možné řídit hydrolytickou stabilitu výsledných biodegradabilních 

polyuretanových elastomerů. 
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1. INTRODUCTION 
Tissue engineering involves the development of biomaterials to replace missing or not well 

functioning human tissues and organs. Most strategies in tissue engineering have focused on 

using biomaterials as scaffolds to direct specific cell types to perform differentiated function 

of the targeted tissue. Synthetic bioresorbable polymers that are fully degradable into the 

body’s natural metabolites by simple hydrolysis under physiological conditions are the most 

attractive scaffold materials. These scaffolds offer the possibility to create completely natural 

tissue or organ equivalents. This can overcome problems such as infection and fibrous tissue 

formation associated with permanent implants [1]. 

Polyurethane (PU) scaffolds for biomedical applications cover a broad range of mechanical 

and biodegradable properties. They usually consist of polyols based on biodegradable 

polyesters such as polylactide (PLA), polyglycolide (PGA) or polycaprolactone (PCL) and 

biocompatible poly(ethylene glycol) (PEG) [2]. Traditional aromatic diisocyanates are 

replaced by linear ones to avoid toxic or carcinogenic degradation products.  

Mechanical properties enable PU scaffolds to sustain physiological forces at the implant 

site and therefore to establish an intimate contact with the native tissue favoring cell 

proliferation. These are key factors to use them for applications involving load bearing tissues 

such as bone and cartilage. Further, PUs can be prepared by reactive liquid molding, which 

makes them potentially useful as injectable biomaterials for noninvasive therapies [3]. By 

modification of their chemical structure, these polymers can be made biostable or 

biodegradable as well as rigid or flexible. Accordingly, scaffolds based on polyurethanes have 

already been used for the generation of various tissue constructs such as nerve conduits [4], 

vascular grafts [5], cartilage [6] and cancellous bone graft substitutes [7]. 

The aim of the work was to develop procedure and find optimal conditions for functional 

PU biodegradable elastomers preparation based on biocompatible PEG and biodegradable 

PCL followed by their characterization.  
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2. THEORETICAL PART 

2.1. Polyurethanes in general 
Polyurethanes (PUs) are a group of polymers prepared according to the diisocyanate-

polyaddition principle. The name polyurethane is derived from ethylcarbamate, known as 

urethane. The reaction of polyisocyanates with polyols leads to the formation of 

polyurethanes as illustrated in Figure Fig. 1. 

 

OCN R NCO +n

polyaddition

C NH R NH C O

O

CH2 O  

O

 

diisocyanate

n

n

OH O OH

or polyether

polyol

polyester

urethane bond

or polyether

polyester

 

 
Fig. Fig. 1: General formation of polyurethane. 

 

Compared with other functional groups like ether-, ester-, and recently also urea-groups, 

the urethane groups represent often only a minor portion of the total composition (e.g. 4 - 6 % 

in flexible foams). Accordingly, the properties are not significantly affected by the urethane 

groups [8] 

Most polyurethanes are composed of at least three components – long chain polyol, 

diisocyanate and chain extender. They are characterized by a segment structure (block 

copolymer structure) of the primary chain. The secondary and tertiary structure and 

consequently, the morphology of these polyurethanes depend on the chemical composition 

and on the length of the segments (blocks). The structure of segmented polyurethane is shown 

in Figure Fig. 2. Typical segmented polyurethanes like thermoplastic polyurethane 

elastomers, fibers and coatings are predominantly linear. 
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Fig. Fig. 2: Ideal primary structure of segmented polyurethane.[8] 

 

Hard segment domains affects mechanical properties via thermal fixing process of 

elastomeric fibres. The process is shown in Fig. Fig. 3. When mechanical forces are applied, 

the process starts - the initial hydrogen bonds are broken, orientation of chains change and 

new, energetically more favorable hydrogen bonds create. Tension is more evenly distributed, 

and the result is, that the resistance of the material to further stress increased. 

Soft segments influence the mobility of molecular chains. The mobility of the molecular 

chains causes the reversible elastomeric properties of these materials. The mobility depends 

on the chemical nature and chain length of the soft segments.  

Flexible and semi-flexible foams, cast elastomers and most reactive systems are 

crosslinked polyurethanes. Melting of the hard segment domains is observed in the form of 

softening (decrease of shear modulus). Glass transition temperature usually increases with 

higher crosslink density, the tendency for crystallization decreases. The elongation, the set, 

and the compression set decrease with increasing crosslink density. When predominantly 

linear, segmented polyurethane is subsequently crosslinked, physical and chemical 

crosslinking affects overlap [8]. 

 

 
Fig. Fig. 3: a) The structure of segments before stress. b) Reorientation of segments after 

stress [9]. 

hard segments 

soft segments 

a) b) 
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2.2. Biodegradable polymers 
Biodegradable polymers are defined as polymers with hydrolysable functions, such as 

ester, urethane and amine, which degraded to non toxic products as carbon dioxide and water. 

Main category of biodegradable polymers are poly(α-hydroxyacids). Polylactide (PLA), 

polyglycolide (PGA) and their copolymers poly(lactic-co-glycolic acid) (PLGA) together with 

poly(caprolactone) (PCL) and biocompatible poly(ethylene glycol) (PEG) are the most widely 

known, studied and used synthetic polymers in medicine.  

Biodegradable polymeric material for biomedical applications is supposed to have 

important properties such as: 

• Good biocompatibility 

• No inflammatory, toxic or immunogenic response during implantation in the body  

• Acceptable shelf life 

• Degradation time of the material should match the healing or regeneration process  

• Sufficient mechanical properties for the indicated application 

• Control of porosity and pore size of final product for scaffold applications  

• Easily sterilizable and appropriate permeability and processability  

• Non-toxic degradation products able to get metabolized and cleared from the body 

 

2.3. Biodegradable Polyurethanes 
As shown in Fig. Fig. 4, biodegradable polyurethane (bio-PU) structure consists of soft 

segments usually represented by biocompatible polyols like PEG and degradable polyesters, 

such as diols of PLA, PGA and PCL [2]. Hard segments are represented by linear 

diisocyanates like 1,6-hexamethylene diisocyanate or 1,4-tetramethylene diisocyanate. 

 

 
Fig. Fig. 4: Biodegradable poly(urethane)s, macrodiols and linear 

diisocyanates commonly used in tissue engineering. 

 

A major limitation on the type of diisocyanate that can be used in biodegradable polymers 

for tissue engineering is the toxicity of the degradation products. Diisocyanates such as 

methylene diphenyl diisocyanate or toluene diisocyanate offer good properties, but both are 

unsuitable for biodegradable polymers due to toxicity of its aromatic degradation products. 

Instead of aromatic diisocyanates, aliphatic diisocyanates are used. Polyurethanes do not 
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degrade to give the original monomers (since the isocyanate group is highly reactive), but 

rather degrade via hydrolysis to the corresponding amine, alcohol and CO2, as shown in Fig 

Fig. 5. 

 
Fig. Fig. 5: Degradation of urethane link. 

 

Butane diisocyanate (BDI) is suitable for biodegradable polyurethanes due to the 

biocompatibility of its degradation product – putrescine (1,4-butanediamine) which is a 

natural metabolite [10]. BDI is considerably more expensive than other diisocyanates, an 

order of magnitude more expensive than 1,6-hexamethylene diisocyanate (HDI) and for this 

reason it is not commonly used. BDI has been used as a monomer in biodegradable 

poly(ester-urethanes) for cardiovascular applications [10]. PCL macrodiols of Mw = 1250 

and Mw = 2000 were used as soft segment and chain extension was performed with either 

lysine ethyl ester or putrescine. Tensile strength of the synthesized polymers varied between 

9.2 MPa and 29 MPa with elongation at break between 660 to 895 %. 

Hexamethylene diisocyanate (HMDI) is commonly used diisocyanate in biodegradable 

polyurethanes. It degrades to 1,6-hexamethylenediamine which is generally considered to be 

a biocompatible degradation product in tissue engineering applications [12]. A toxicity study 

has shown 1,6-hexamethylenediamine to be substantially less toxic than other tested reactants 

including lactic acid [12]. HMDI-based polyurethanes are characteristically very strong and 

tough when compared to other biodegradable polymers. The reason is a strong hydrogen 

bonding between the amine of one chain and the carbonyl of an adjacent chain as shown 

in Figure Fig. 6. 

 
Fig. Fig. 6: Hydrogen bonding between the chains of a polyurethane based on 1,6 – 

hexane diisocyanate and 1,4 – butane diol. 
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The morphology of PUs is determined to a high degree by the potential interaction between 

the polymer chains (interchain forces). Two component PUs (e.g. 1,4–butanediol and 1,6–

hexamethylene diisocyanate) have properties that are comparable with structurally similar 

polyamides. At a usually high degree of crystallinity a multitude of hydrogen bonds between 

–NH– and –CO– groups results in high hardness and strength and low degree of solubility 

[12]. 

2.3.1. Polyglycolide (PGA) 

Polyglycolide (Fig. Fig. 7) or polyglycolic acid is a biodegradable, thermoplastic polymer 

and the simplest linear, aliphatic polyester. The glass transition temperature of the polymer 

ranges from 35 to 40 °C and the melting point is greater than 200 °C. PGA is a non-toxic 

highly crystalline polymer (45 – 55 % crystallinity) and therefore exhibits a high tensile 

modulus with very low solubility in organic solvents [8]. PGA is soluble in highly fluorinated 

solvents like hexafluoroisopropanol and hexafluoroacetone sesquihydrate. In spite of its low 

solubility, this polymer has been fabricated into a variety of forms and structures. Extrusion, 

injection and compression molding as well as particulate leaching and solvent casting, are 

some of the techniques used to develop polyglycolide-based structures for biomedical 

applications [1]. 

 

 

C

OH

O

CH2

O

H

n

 
Fig.Fig. 7: Polyglycolide 

 

 The polymer can be prepared starting from glycolic acid by either polycondenzation or 

ring-opening polymerization. PGA has been known since 1954 as a tough fiber forming 

polymer, however, owing to its hydrolytic instability its use has been limited initially. 

PGA is a biodegradable polymer, which degrades by the non-specific scission of the ester 

backbone. The polymer is known to lose its strength in 1 – 2 months when hydrolyzed and 

losses mass within 6 – 12 months. In the body, polyglycolides are broken down into glycine 

which can be excreted in the urine or converted into carbon dioxide and water via the citric 

acid cycle [8]. 

The high rate of degradation, acidic degradation products and low solubility however limit 

the biomedical applications for PGA. Therefore, several copolymers containing glycolide 

units are being developed to overcome the inherent disadvantages of PGA. 

2.3.2. Lactic acid, polylactid (PLA) 

Lactic acid (2-hydroxy propanoic acid) is a naturally occurring organic acid that occurs in 

two optically active forms L-lactide and D-lactide as shown on Fig. Fig. 8.  It can be produced 

either by chemical synthesis or by fermentation. Chemical synthesis of lactic acid is mainly 

based on the hydrolysis of lactonitrile by strong acids, which provide only the racemic 

mixture of D-and L-lactic acid. The interest in the fermentative production of lactic acid has 

increased due to the prospects of environmental friendliness and of using renewable resources 

instead of petrochemicals [15]. 
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Polylactide (PLA) is a thermoplastic, high strength, high modulus polymer, which belongs 

to the family of aliphatic polyesters. Poly-L-lactide is a crystalline polymer (approximately of 

37 % crystallinity) while poly-D,L-lactide is amorphous. Poly-L-lactide has a glass transition 

temperature between 60 – 65 °C and a melting temperature approximately of 175 °C, while 

poly-D,L-lactide has glass transition temperature between 44 – 55 °C [8]. 

 

C

O

OHC

CH3

OH

H

C

O

OHC

CH3

OH

H

L-lactic acid D-lactic acid  
 

Fig. Fig. 8: Different isomeric forms of lactic acid. 

 

 PLA undergoes scission of chains in the host body to monomeric units of lactic acid, 

which is a natural intermediate in carbohydrate metabolism. These characteristics make this 

polymer suitable for use in resorbable sutures, carries for the controlled release of drugs, 

implants for orthopaedic surgery or blood vessels, which finally can be replaced by living 

tissues [16]. The attraction of PLA as a biodegradable material is its ready availability from 

renewable resources such as corn starch (in the U. S.) and sugarcanes (rest of world). The 

PLA life cycle starts with corn starch. The plants are first milled to separate the starch, which 

is converted to lactic acid utilizing fermentation and a series of purification steps. It is fully 

compostable. It can be converted back to monomer and oligomer by enzymatic degradation, 

or it can be degraded into water, carbon dioxide and organic materials. 

2.3.3. Poly(lactic-co-glycolic acid)  

Poly (lactic-co-glycolic acid) (PLGA) copolymer is built from the units of poly(lactic acid) 

and poly(glycolic acid) (Fig. Fig. 9). The rate of polymer degradation may affect many 

cellular processes, including cell growth, tissue regeneration, and host response. The 

degradation products are endogenous compounds (lactic and glycolic acid) and are nontoxic. 

The presence of ester linkages in the polymer backbone allows gradual hydrolytic degradation 

- resorption. The rate of degradation can be controlled by the ratio of PGA and PLA. 
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Fig. Fig. 9: Building units of poly(lactic-co-glycolic acid). 

 

PLGA has been shown to undergo bulk erosion through hydrolysis of the ester bonds and 

the rate of degradation depends on a variety of parameters including the PLA/PGA ratio, 
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molecular weight, and the shape and structure of the matrix. The major popularity of these 

copolymers can be attributed for use in humans, its good processability which enables 

fabrication of a variety of structures and forms and controllable degradation rates. PLGA 

demonstrates good cell adhesion and proliferation making it a potential candidate for tissue 

engineering. Various studies have been performed so far using micro- and nano-fabrication 

techniques to form three-dimensional scaffolds based on PLGA [24]. 

PLGAs usually exhibit lower crystallinities and Tm values. The degradation characteristics 

of the PLGA could be adjusted by controlling the ratio of LA to GA in the feeding dose. The 

higher the content of glycolide units the faster is the degradation [19]. 

PLGA demonstrates good cell adhesion and proliferation which makes it a candidate for 

tissue engineering applications [24]. Another application of biodegradable PLGA is for use in 

guided tissue regeneration by providing a permeable material for space preservation or in drug 

delivery systems [25]. 

2.3.4. Poly(ethylene glycol) 

Poly(ethylene glycol) (PEG), also known as poly(ethylene oxide) (PEO), 

poly(oxyethylene) (POE) and polyoxirane, is a hydrophilic, non-ionic polymer. Its chemical 

structure is shown in Fig. Fig. 10. PEG is known for its biocompatibility and low toxicity and 

it is soluble in water via hydrogen bonding interactions. It has been approved by the U.S. 

Food and Drug Administration for internal consumption [20]. It can make a surface highly 

resistant to biological fouling, and can reduce protein adsorption and resistance to bacterial 

and animal cell adhesion. It is also apparently not readily recognized by the immune system. 

Since it is very well soluble in water and many organic solvents, it can also be readily 

eliminated from the body by body fluids. Modifying proteins with PEG have been shown to 

reduce the immunogenicities and antigenicities of these proteins and to increase circulation 

times [1, 21]. 

 

CH2

OH
CH2

O

H

n  
Fig. Fig. 10: The chemical structure of poly(ethylene glycol). 

 

PEGs having molecular weight less than 1000 g·mol
-1

 are viscous, colorless liquids; higher 

molecular weight PEGs are waxy, white solids. The melting point of the solid is proportional 

to molecular weight, approaching a plateau about 67 °C. The molecular weights commonly 

used in biomedical applications range from a few hundreds to 20 000 g·mol
-1

[22]. 

2.3.5. Poly(εεεε-caprolactone) 

Poly(ε-caprolactone) (PCL) is a semicrystalline, bioresorbable polymer belonging to the 

aliphatic polyester family (Fig. Fig. 11). It has quite low melting point ranging between 59 

and 64 °C and a glass transition temperature of about −60 °C [23]. It is regarded as a soft and 

hard tissue compatible bioresorbable material and has been used as scaffold for tissue 

engineering [27]. It has similar biocompatibility to PLA and PGA, but a much lower 

degradation rate. The slow degradation makes it less attractive for general tissue engineering, 

although a candidate long term drug delivery carrier. It is often combined with other 

materials, such as bioceramics, to increase its Young’s modulus and adjust its biodegradation 
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rate. On biodegradation, polycaprolactone/hydroxyapatite (PCL/HA) scaffold do not show a 

local decreased pH value as commonly observed in PLA. 

 
Fig. Fig. 11: Polycaprolactone. 

 

2.3.6. PLGA-PEG copolymers 

Block copolymers consisting of a hydrophobic polyester segment and a hydrophilic PEG 

segment have attracted large attention due to their biodegradability and biocompatibility. A 

wide variety of drug formulations, such as micro/nano-particles, micelles, hydrogels, and 

injectable drug delivery systems have been developed using PLGA-PEG block 

copolymers [28]. The biodegradation rate and hydrophilicity of block copolymers can be 

modulated by adjusting the ratio of its hydrophilic and hydrophobic constituents. Usually, 

PLGA-PEG block copolymers have shown quite different properties when compared to each 

constituting polymer. Various kinds of block copolymers can be classified according to their 

block structure as AB diblock, ABA, or BAB triblock, multi-block, branched block, star-

shaped block, and graft block copolymers, in which A is a hydrophobic block PLGA and B is 

a hydrophilic PEG block [19]. 

Amphiphilic PEG-PLGA-PEG triblock copolymers form micelles composed of a 

hydrophobic PLGA core and hydrophilic PEG shell in water as shown in Figure Fig. 12. 

Hydrophobic blocks are segregated from the aqueous exterior to form an inner core 

surrounded by a palisade of hydrophilic segments. Block copolymer micelles are water 

soluble, biocompatible nanocontainers in the size range of 10 - 100 nm with proven efficacy 

of delivering hydrophobic drugs [29]. The size and morphology of block copolymer micelles 

can be easily changed by adjusting the chemical composition, total molecular weight, and 

ratio of the block lengths. 

 

 
Fig. Fig. 12: Hydrophilic PEG shell and hydrophobic PLGA core. 
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2.3.7. Synthesis procedures 

High-molecular weight PLGA copolymer is commonly prepared by ring-opening 

polymerization (ROP) of the cyclic dimeric selfcondensation products of lactic and glycolic 

acids, i.e., dilactide and diglycolide in the presence of catalysts. ROP can be done by 

mechanisms of coordination-insertion polymerization as well as by anionic, nucleophilic or 

cationic polymerization [26]. As one example of the mentioned above, nucleophilic lactide 

ROP is shown in Figure Fig. 13. As catalyst can be used enzymes or organocatalysts. As 

enzyme catalyst could be used various types of lipases. 

Lipases represent group of enzymes belonging to the esterases. They hydrolyze fat (present 

in ester form, such as glycerides) yielding fatty acids and glycerol [30]. All the commercially 

available lipases tested for the lactide ROP proved to be active. Metal-free nucleophilic 

catalysts are attractive for biomedical applications, because there is no contamination of 

metals in the final product. 

 

 
Fig Fig. 13: Plausible pathway for the nucleophilic lactide ROP. Nu denotes the catalyst 

(enzyme, amine, phosphine, or N-heterocyclic carbene). ROH refers either to the initiating 

protic agent or to the secondary alcohol function of the growing polymer chain. 

 

 

The synthesis of PEG-PLGA-PEG triblock copolymers has been described in the work of 

Jeong, Bae and Kim [32]. First, ring-opening polymerization of lactide and glycolide onto 

monomethoxypoly(ethylene glycol) was performed to synthesize PEG-PLGA diblock 

copolymers. Diblock copolymers were then coupled using hexamethylene diisocyanate to 

produce the PEG-PLGA-PEG triblock copolymers. The scheme of synthesis is shown on 

Figure Fig. 14. Aqueous solution of these copolymers with proper combination of molecular 

weights exhibit temperature-dependent reversible sol-gel transition. Molecular arrangements 

provide behavior that sol at low temperature is changed to gel at body temperature. 
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Fig. Fig. 14: Synthetic scheme of PEG-PLGA-PEG triblock copolymers. 

 

PLGA-PEG-PLGA triblock copolymer containing hydrophilic PEG backbone and 

hydrophobic PLGA outer blocks is usually obtained by a bulk polymerization using tin 

octoate as catalys. After formation of the initiator complex between PEG macroinitiator and 

tin octoate, PLA, PGA and PEG blocks are attached by ring opening polymerization [33].  

Aqueous solution of these copolymers with proper combination of molecular weights 

exhibits temperature-dependent reversible sol-gel transition. Molecular arrangements provide 

behavior that sol at low temperature is changed to gel at body temperature. 

2.3.8. Kinetics of formation 

Mirta I. Aranguren and Roberto J. J. Williams [43] dealt with kinetic and statistical aspects 

of the polymerization of toluene diisocyanate (TDI 80:20) with a commercial polyether polyol 

based on sorbitol. As a catalyst was used triethylamine. The polymerization kinetics of 

stoichiometric amounts of both reactants were measured under isothermal and adiabatic 

conditions. The isothermal determinations were carried out by placing a small amount (~3g) 

of uncatalysed mixture between thin aluminium foils. Several of these specimens were placed 

between two heated metal plates held at temperatures lying in the range between 20-60 °C. 

The constancy of temperature during each run was controlled by inserting a thin copper-

constantan thermocouple inside one of the specimen. Samples were periodically withdrawn 

and quenched in a solution of dibutylamine in toluene. The amount of unreacted NCO groups 

was determined by back-titrating with HCl, using bromocresol green as indicator. The 

absence of catalyst and the low curing temperatures enabled the reaction to be followed up to 

conversions close to 60 %. In order to study the polymerization kinetics at high reaction rates 

(i.e. presence of catalyst and high temperatures), the adiabatic temperature rise technique was 

used. The reaction mixture, including the selected amount of catalyst, was intensively mixed 

for 15 s in a cylindrical vessel of 9.5 cm diameter and 10 cm height. A copper-constantan 

thermocouple was centred and its output continuously monitored with a data logger. The ratio 

of specific rate constants for the reaction of both types of NCO groups was dependent on 

temperature and catalyst concentration. The activation energy for the reaction of o-NCO 

(20 kcal·mol
-1

) was significantly higher than that corresponding to p-NCO (10 kcal·mol
-1

). 

Both activation energies decreased on increasing concentration of the catalyst. For 

uncatalyzed systems at 25 °C, o-NCO reacted 100 times slower than p-NCO while both 

reactivities became equivalent at temperatures close to 125 °C. 

The isocyanurate formation and isocyanate degree of conversion can be measured 

simultaneously by means of Fourier-transform infrared spectroscopy (FTIR). 

The curing behavior of polyurethanes based on modified methylene diphenyl diisocyanate 

and poly(propylene oxide) polyols has been studied by J.K. Fink using isothermal FTIR 

spectroscopy, differential scanning calorimetry (DSC) and adiabatic exothermic experiments 

[40]. Increasing the concentration of the catalyst, i.e., dibutyltin dilaurate (DBTDL) or 
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decreasing the molecular weight of the polyol raised the rate of reaction and shifted the DSC 

exothermic peak temperature to lower temperatures. The heat of reaction remained constant. 

A marked increase in reaction rate was observed when an ethylene oxide end-capped 

polyol was used instead of a standard propylene oxide end-capped polyol which was studied 

by A. E. Mayr et al. [41]. The conversion of isocyanate for several concentrations of DBTDL 

fitted a second-order kinetics. The activation energy of curing was independent of the 

molecular weight of the hydroxy compound. However, the activation energy depended on the 

extent of conversion. 

With isocyanate reactive hot-melt adhesives an autocatalytic effect was observed. The 

autocatalysis is not dependent on the structure of diols but on the isocyanates [42]. 

J. B. Richter and C. W. Macosko studied the kinetics of fast reaction injection molding 

urethane polymerization. Feedstocks were 4,4’-diphenylmethane diisocyanate (MDI), poly-ε-

caprolactone and the reaction was catalyzed by dibutyltin dilaurate (DBTDL). The urethane 

reaction was studied directly by infared spectroscopy and indirectly by temperature rise from 

an adiabatic reaction. Infrared spectroscopy was chosen because the isocyanate group is 

strongly absorbant and free of interference during the entire reaction. In this work only the 

DBTDL catalyzed reaction was modeled. This simplification was done because in urethane 

chemistry there are reactions which lead to urethane formation as well as several side 

reactions, like uncatalyzed urethane reaction, autocatalysis of the urethane reaction by 

urethane groups, allophanate formation, base catalyzed urethane reaction, DBTDL catalyzed 

urethane reaction. To the simplification lead the assumption that DBTDL catalyzed reaction is 

typically much faster than the uncatalyzed reaction. Thus, the resulting scheme shown on Fig. 

Fig. 15 was consistent with a Michaelis Menten kinetics. 
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Fig. Fig. 15: In Eq. 1 DBTDL undergoes rapid dissociation into a catalytically active species 

(Sn+). This species reacts with an isocyanate group (R’NCO) to equilibrium as shown in 

Eq. 2, to form the activated complex (Sn+R’NCO). Finally, the activated complex undergoes 

reaction with a hydroxyl group (R”0H) in Eq. 3 to form the urethane product (R’NHCOOR“) 

and release the active species. 

 

2.3.9. Kinetics of decomposition 

Polymers that are produced by condensation route are prone to hydrolysis. In addition, 

polymers may contain side groups that are capable to be hydrolyzed. The rate of hydrolysis is 

dependent on the water absorption of the polymer and is often limited by the diffusion of 

water through the polymer. Diffusion of water in polymers is often related to their solubility 

parameter, their glass transition temperature and their degree of crystallinity. 

Polyesters are often susceptible to hydrolysis. Degradation is pH dependent. Esters are 

hydrolyzed at a faster rate under acid and alkaline conditions than at neutral pH. Carboxylic 
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acid is produced by hydrolysis of an ester. It causes that pH falls during hydrolysis, which 

accelerates the degradation process. 

Bioresorbable polymer can be characterized as a polymer that degrades within the body 

after performing its function. It is expected that the degradation will give normal metabolites 

of the body. The degradation proceeds can swell or dissolve after exposition to liquids such as 

body fluids. Biodegradable/hydrolysable polymers are frequently the basis of scaffolds for 

tissue engineering. Degradation can be controlled by cross-linking, molar mass or by the 

degree of crystallinity. 

When PLA is placed in aqueous media, it undergoes hydrolytic scission (Fig. Fig. 16) to its 

monomeric form, lactic acid, which is eliminated from the body by incorporation into the 

tricarboxylic acid cycle. The principal elimination path for lactic acid is respiration, and it is 

primarily excreted by the lung as CO2 [38]. 

 
Fig. Fig. 16: Degradation of polylactide by hydrolytic scission of the main chain ester bonds 

[39]. 

  

PGA can be broken down by hydrolysis and by non-specific esterases and 

carboxypeptidases. The glycolic acid monomer is either excreted in the urine or enters the 

tricarboxylic acid cycle. The extra methyl group in the PLA repeating unit makes it more 

hydrophobic and less crystalline than PGA, and it degrades at a slower rate. Thus the 

biodegradation rate of the scaffold made of copolymer PLGA can be tailored by altering the 

ratio of PLA and PGA. 

2.4. Polyurethane scaffolds 
Tissues are organized in the human body into three-dimensional (3D) structures as 

functional organs. Many techniques/methods are employed to process biomaterials into 

scaffolds. The reason why to make scaffolds rather porous than solid, is that cell colonization, 

in-growth and proliferation can proceed easier. Porosity leads to a weaker structure and it can 

also accelerate degradation due to the larger surface area. Having a porous structure allows 

nutrients to flow into the cells in the inner regions of the scaffold and for waste to be 

removed. The ideal pore size and pore morphology of the scaffold depends on the intended 
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purpose of the scaffold. It has been claimed that the optimal pore size is between five and ten 

times the diameter of the cell i.e. 100-300 µm [44]. 

Techniques employed to process biomaterial into scaffold involve solvent casting and 

particulate leaching, gas forming, non-woven fibers, fiber knitting and phase 

separation/emulsion freeze drying. Emerging fabrication techniques under development 

include solid free forming (SFF) techniques, including 3D printing and fused deposition [48]. 

Characteristics differentiating the techniques include the use of solvents, heat, pressure, or 

pore creating agents. 

2.4.1. Porogen leaching 

Porogen leaching is a simple way to make a porous scaffold. It involves dissolving out 

solid particles such as salt from the polymer matrix leaving pores of the same dimensions as 

the salt. A porogen can be added to the polymer scaffold either when the polymer is melted or 

dissolved in a solvent and then leached out typically with water to leave a pore. 

With insufficient loading of porogen the final material can have discrete holes with no 

interconnectivity. Interconnectivity is usually achieved by adjacent porogen particles touching 

each other, similar to a close-packed arrangement of spheres. As a rough guide approximately 

70-80 % porosity is required for the pores to be interconnected [48]. This is dependent on the 

shape and dimensions of the porogen particles. 

Small variation of this technique is called solvent merging which means that solvents were 

used to partially dissolve the walls between porogen molecules to achieve interconnectivity 

[36].  

Often the solid porogen is mixed with the polymer by dissolving the polymer in a solvent 

which is usually cytotoxic and must be removed fully before implantation. The possible 

presence of residual solvent is one of the major disadvantages of this method of scaffold 

fabrication. The pore size is usually the same as the size of the porogen particles that were 

used. The size of particles is given as a range between two sieve sizes. However, this is not 

accurate because of two reasons. Firstly, a particle may have one dimension larger than the 

sieve size and still be included in this range, and on the other hand although the porogen may 

be 500 µm the hole in the wall between two adjacent particles is considerably smaller. Both of 

these factors depend heavily on the morphology of the particle that is used – whether it is 

cuboid, spheroid, prismatic or irregular. 

 A number of groups have made PLA, PGA and PLGA porous material by porogen 

leaching. The average porogen size range used is mostly between 300-500 µm [45, 49]. The 

common used porogen was NaCl which is why the technique is often named salt-leaching 

rather than porogen leaching. Glucose and other leachable solids can also be used. 

K. Gorna and S. Gogolewski synthesized elastomeric biodegradable polyurethanes with an 

enhanced affinity toward cells and tissues [46]. As a feedstocks were used HMDI, PCL diol, 

biologically active 1,4:3,6-dianhydro-d-sorbitol (isosorbide diol) as chain extender and 

dibutyltin dilaurate as catalyst. The polymers were processed into 3D porous scaffolds by 

applying a combined salt leaching-phase inverse process. The critical parameters controlling 

pore size and geometry were the solvents and nonsolvents used for scaffold preparation and 

the sizes of the solid porogen crystals. One of the potential disadvantages of using solid 

porogens in the preparation of polymeric scaffolds is the need of effective removal of the 

porogen. It was observed that the time required to remove the solid porogen from the 

polymeric block by water rinsing was dependent on the salt particle size. In general, the 
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smaller the particle size, the longer is the time needed to leach the salt out. The longer the 

time for which polyurethane blocks containing the solid porogen were kept in water, the 

higher is the molecular weight decrease. The molecular weight decrease was about 20 % for 

the salt-containing polyurethane blocks kept in water for 10 days but only 5 % for the blocks 

kept in water for 24 h. The plausible applications of the scaffolds obtained in the study are as 

cancellous bone graft substitutes and in the repair of articular cartilage. 

In vivo biocompatibility and vascularization of noticed polyurethane scaffolds was 

analyzed by M. W. Laschke. et al. [47]. Concretely three types of polyurethane scaffolds i.e. 

PU-S, PU-M and PU-F, were implanted into dorsal skinfold chambers of mice. The synthesis 

of polyurethane PU-S is discussed in the article before. Nomenclature is based on used chain 

extenders. For synthesis of polyurethane PU-S was used 1,4,3,6-dianhydro-D-sorbitol, bis(2-

mercaptoethyl) ether was used in the synthesis of polyurethane PU-M, and 1,4,3,6-dianhydro-

D-sorbitol with 3,7,11-trimethyl-2,6,10-dodecatrien-1-diaminobutane amide were the chain 

extenders in the polyurethane PU-F synthesis. Vascularization of the implants and venular 

leukocyte–endothelial cell interaction in the surrounding host tissue was analyzed using 

intravital fluorescence microscopy over a 14 day period. None of the polyurethane scaffolds 

was cytotoxic. Accordingly, rolling and adherent leukocytes in venules of the dorsal skinfold 

chamber were found in a physiological range after scaffold implantation and did not 

significantly differ between the groups, indicating a good in vivo biocompatibility. The three 

scaffolds induced a weak angiogenic response with a microvessel density 47–60 and 3–10 

cm/cm
2
 in the border and centre zones of the scaffolds at day 14 after implantation. Histology 

demonstrated that the scaffolds were incorporated in a granulation tissue, which exhibited 

only a few blood vessels and inflammatory cells. Studied scaffolds are suggested to be used to 

generate tissue constructs which do not induce a strong inflammatory reaction after 

implantation into patients. 

2.4.2.  Solvent casting 

Solvent-casting in simple terms consists of dissolving polymer in a suitable solvent, 

pouring the solution onto a flat non-stick surface (often glass) and allowing the solvent to 

evaporate to leave a thin polymer film. In some cases the process is repeated a number of 

times to build up a thicker and stronger film. Solvent casting is a useful method to prepare 

uniform samples for tensile testing or degradation studies but is rarely used for scaffolds [51]. 

The properties of a collagen-based scaffold material have been investigated by using a solvent 

casting technique [50]. In this case water-soluble or acetic acid-soluble collagen was dried 

onto a coverslip and then crosslinked trialling two different crosslinking agents to obtain a 

stable film.  

2.4.3. Gas foaming 

Pores in polyurethane scaffolds can be produced by the addition of controlled amounts of 

water to the reactants which cause evolution of CO2. The reaction of isocyanate group with 

water is shown in Fig. Fig. 17. The scaffolds in this case are generally closed-porous which is 

less desirable than an open-porous structure. The only advantage of this method is the very 

high porosity that can be reached compared with other methods. Common values for 

percentage porosity are between 93 % and 97 % porosity [53]. The disadvantage of using 

foams is that there is less control over the pore size and distribution than methods such as 

porogen leaching. 
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Fig. Fig. 17: Reaction of isocyanate group with water. 

2.4.4. Fiber bonding  

Fiber meshes consist of individual fibers either woven or knitted into three-dimensional 

patterns of variable pore size. Scaffolds shaped with PGA, PLGA, and PLLA fibers have been 

investigated for cell transplantation and regeneration of various tissues such as nerve [56], 

skin [57], or cartilage [58]. Fiber bonding techniques provide scaffolds which are more than 

90 % porous with interconnected pores [52]. 

It is advantageous to have smaller diameter fibers, because degradation rate can increase 

due to higher accessible surface area. Disadvantage of this method is the use of solvents. The 

solvent could be toxic to cells if it is not completely removed. In order to extract the solvent, 

the scaffold must be vacuum dried for several hours, which makes it difficult to be used 

immediately in a clinical setting. Another disadvantage is that the mesh is random so there is 

no control over the pore size or orientation in the mesh. 

Interconnected fiber networks have been reported by Mikos et al. using fiber bonding 

technique [48]. The technique involves casting of poly(L-lactic acid) (PLLA) solution over a 

non-woven mesh of PGA fibers. Solvent evaporation results in a composite material which 

consists of non-bonded PGA fibers embedded in a PLLA matrix. Fiber bonding occurs during 

post treatment at a temperature above the melting temperature of PGA. Finally, the PLLA 

matrix is selectively dissolved in a non-solvent for PGA, and a network of bonded PGA fibers 

is released. 

2.4.5. Phase separation 

The phase-separation technique is based on thermodynamic demixing of a homogeneous 

polymer-solvent solution into a polymer-rich phase and a polymer-poor phase, usually by 

either exposure of the solution to another immiscible solvent or cooling the solution below a 

binoval solubility curve [59]. Solvent is removed by freeze-drying, leaving behind the 

polymer as a foam. Morphology is controlled by any phase transition that occurs during the 

cooling step, i.e., liquid-liquid or solid-liquid. It has been reported that the liquid-liquid phase 

separation leads to isotropic PLA forms with highly interconnected pores of 1-10 µm in 

diameter, the solid-liquid phase separation results in anisotropic foams with a sheet like 

morphology. Recently, macroporous open cellular scaffolds with pore diameters above 

100 µm have been fabricated by controlling the coarsening process in the later stage of 

thermally induced phase separation. 

The emulsion freeze-drying method has been used to fabricate aliphatic polyester-based 

scaffolds by Whang et al. [35]. They prepared scaffolds with porosity greater than 90 %, 

median pore sizes ranging from 15 to 35 µm and with larger pores greater than 200 µm. The 

porosity and pore size depends on the volume fraction of the dispersed phase, polymer 

concentration and molecular weight. This technique has been devised for incorporating 

proteins into the polymer scaffolds. Freeze-drying of aqueous solutions of natural 

biopolymers such as collagen has been reported for the production of well-defined porous 
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matrices (i. e., pore size and orientation) based on the controlled growth of ice crystals during 

the freeze-drying process. 

2.4.6. Three-dimensional printing 

Three-dimensional (3D) printing is a solid free-form fabrication process which produces 

components by inkjet printing a binder into sequential powder layers [54]. The part is built 

sequentially in layers. The binder is delivered to the powder bed producing the first layer, the 

bed is then lowered to a fixed distance, powder is deposited and spread evenly across the bed, 

and a second layer is built. This is repeated until the entire part, e.g. a porous scaffold, is 

fabricated. Following treatment, the object is retrieved from the powder bed and excess 

unbound powder is removed. The speed, flow rate and drop positron can be computer 

controlled to produce complex 3D objects [55]. 

 

2.5. Polyurethane biocompatibility 
Biocompatibility can be generally defined as the ability of a biomaterial, prosthesis, or 

medical device to perform with an appropriate host response in a specific application, and 

biocompatibility assessment, i.e. evaluation of biological responses, is a measure of the 

magnitude and duration of the adverse alterations in homeostatic mechanisms that determine 

the host response [37]. Practically, the evaluation of biological responses to a medical device 

is carried out to determine that the medical device performs as intended and presents no 

significant harm to the patient. The aim of biological response evaluation is to predict if a 

biomaterial, medical device, or prosthesis presents potential harm to the patient by evaluating 

conditions that simulate clinical use. 

In vitro and in vivo biocompatibility studies investigating polyurethanes for biomedical 

applications have focused on the cellular, enzymatic, and tissue responses to the material [60]. 

In vitro testing procedures are a basic part of any material evaluation. They include 

cytotoxicity tests which investigate the effect of extractables from the biomaterial on cell 

morphology, viability or function. Direct contact assays using fibroblasts or endothelial cells 

are also frequently used for the determination of the cellular response toward biomaterials. 

Among the cell type used for these tests, the fibroblast and endothelial cells are the most 

commonly used for cytotoxicity tests. Other types of cells may be used and include the 

neutrophil, lymphocyte, monocyte, epithelial cell as well as specific cells which will be in 

contact with the biomaterial upon implantation for different applications such as the skin, the 

blood or the tympanum. 

In vivo studies have also been developed to assess the cellular or tissue responses of 

polyurethanes either subcutaneously, intramuscularly, or intraperitoneally [60]. Polyurethanes 

have been used as implants in areas such as the cardiovascular system (artificial heart [61], 

stents [62], catheters [63]), the middle ear (tympanic membrane [64]) and the eye (intraocular 

lenses [65]). J.A. Werkmeister et al. synthesized urethane-based methacrylate functionalized 

photopolymerizable biodegradable hydrogels for in vivo studies [66]. The study shows that 

system based on dimethacrylate, PCL and PEG prepolymers can result as a multifunctional 

polymer network. This network can be hydrated so that it allows effective cell delivery for 

cartilage repair. The urethane-based polymers can be tailored to balance the need to degrade 

safely to allow cell migration and extracellular matrix deposition. The formulation was non-

toxic to human chondrocytes during and after polymerization and was stable over an initial 4 
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week period in vitro and in vivo with minimal cell inflammatory responses. Longer term cell-

based tissue constructs showed the formation of appropriate extracellular matrix comprising 

collagen type II and type VI with glycosaminoglycans required for articular cartilage 

formation. 

Synthetic polyesters (PLA, PGA, PLGA) undergo bulk degradation once implanted into 

the human body. A decrease in molecular weight is observed directly on placement in an 

aqueous media. However, mass loss does not start until the molecular chains are reduced to a 

size that allows them to diffuse freely out of the polymer matrix. The mass loss is 

accompanied by a release gradient of acidic byproducts. If the capacity of the surrounding 

tissue to eliminate the byproducts is low, due to poor vascularisation or low metabolit activity, 

in vivo massive release of acidic degradation and resorption of byproducts may lead to local 

temporary disturbances, or result in inflammatory reactions [37]. To limit this side effect, it is 

important for the scaffolds/cell construct to be exposed at all time to sufficient pH neutral 

buffered media, especially during the period when mass loss of the scaffold occurs. A route to 

alleviate local inflammation is to incorporate ceramics such as tricalciumphosphate (TCP) or 

hydroxyapatite (HA) into a synthetic polymer matrix to produce a composite scaffold [67]. 

Apart from the benefit of improved biocompatibility, the basic resorption products of HA and 

TCP buffer acidic resorption byproducts of synthetic polymers and help to avoid unfavorable 

acid environments. 

2.5.1. Protein binding 

After implantation, one of the first events which occur is the adsorption of proteins onto 

polymeric surfaces. Plasma proteins, which adsorb to the surfaces of biomaterials include 

albumin, hemoglobin, thrombin, fibrinogen, fibronectin, complement components, and 

immunoglobulins (IgG). The composition of the adsorbed proteic layer is strongly dependent 

on the structure and composition of the polymers [68]. 

As far as it is discussed in the literature there is no real consensus regarding the advantages 

or drawbacks of protein adsorption with biomedical polymers [60]. There is some evidence 

that among plasma proteins, albumin may be beneficial to blood contacting surfaces, such as 

polyurethanes, by reducing platelet and bacterial adhesion. On the other hand, albuminated 

surfaces may have a propensity to activate monocytes and inhibit fibroblastic proliferation. 

These findings attest to the complex interactions between proteins and blood or tissue 

environments occurring after implantation. 

Polyurethanes are used as blood-contacting biomaterials because they exhibit good 

biocompatibility and further due to their mechanical properties. However, the blood 

compatibility is not adequate for certain applications. Modification of the surface is an 

effective way to improve the blood compatibility [60]. 

2.6. Polyurethane hydrogels characterization  

2.6.1. Swelling  

The favourable property of hydrogels is their ability to swell, when put in contact with an 

aqueous solution. The water attacks the hydrogel surface and penetrates into the polymeric 

network. Regularly, the meshes of the network in the rubbery phase will start expanding, 

allowing other solvent molecules to penetrate within the hydrogel network. Therefore, the 

unsolvated glassy phase is separated from rubbery hydrogel region with a moving front. One 
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of the very important features of hydrogel swelling is the rate of swelling or swelling kinetics. 

It is determined by several physicochemical factors particularly the sample/particle size, 

porosity extent and the type of the porous structure. In this relation, hydrogels may be divided 

into four main classes; non-porous, micro-porous, macro-porous and super-porous hydrogels 

[70]. Non-porous gels have molecular size pores equal to the macromolecular correlation 

length (1 – 10 nm), while micro-porous (10 – 100 nm) and macro-porous (0.1 – 1 µm) 

hydrogels have larger pores. The size of pores in super-porous hydrogels (SPHs) is usually in 

the range of several hundred micrometers, which are connected to form the open channel 

system and act as a capillary system causing a rapid uptake of water into the porous structure. 

Thereby, SPHs swell in aqueous solution to equilibrium state in a matter of a minute 

regardless of their size f – f . 

2.6.2. Tensile experiments 

During tensile testing of a material sample, the stress–strain curve is a graphical 

representation of the relationship between stress, derived from measuring the load applied on 

the sample, and strain, derived from measuring the deformation of the sample, i.e. elongation, 

compression, or distortion. Elastomeric PUs offer a wide range in mechanical behavior due to 

the ability to tailor hard and soft domain structure [74]. Determination of tensile properties of 

plastics is described in international standard ISO 527. 

2.6.3. Infrared spectroscopy 

Infrared spectroscopy (IR) is method based on measuring the absorption of 

electromagnetic waves of wavelength between 2 and 5 µm, which corresponds to the wave 

number between 5000 and 200 cm
-1

. The molecule exposed to electromagnetic waves of 

mentioned wave numbers absorb a part of radiation. This radiation changes the vibratory-

rotary status of molecules. The value of frequency is characteristic for functional groups and 

structures of molecules. 

IR is a useful tool in the analysis of polyurethane systems, because it is relatively quick 

technique for the determination of the basic polymer backbone structure, particularly in the 

differentiation between polyether and polyester type systems. If a comprehensive database is 

available it is possible to obtain more structural information [75]. 

IR spectra of polyurethanes show two characteristic bands at 1530 cm
-1

 and 1220 cm
-1

 

corresponding to bending vibrations of NH groups in urethane bonds and the latter to the 

stretching vibrations of the bond between carbon in aromatic ring and nitrogen of urethane 

bond. The latter may overlap with a polyester bond. Polyethers have an intensive band at 

1100 cm
-1

, polyester-urethanes can be recognized by their bands at 1150 cm
-1

 and 1250 cm
-1

. 

A more precise interpretation of the spectra is often possible with reference spectra [8]. 

2.6.4. Differential scanning calorimetry 

Differential scanning calorimetry (DSC) study gives an insight into the morphological 

structure of the polymers. Linear polyurethanes have a block structure. DSC is useful method 

to characterize the phase transitions within glass transition temperatures of soft and hard 

segments, and melting temperatures of crystalline structures formed within those phases. The 

effects of those parameters are essential for thermal stability of PU. What is especially 

important is the initial degradation temperature which is dependent on thermal stability of the 

weakest point within the polyurethane macromolecule—urethane bonds and ester bonds [76]. 
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3. EXPERIMENTAL PART 

3.1. Chemicals 
� Polycaprolactone (PCL, Mn = 2000 g⋅mol

-1
) was purchased from Sigma – Aldrich, 

Germany 

� Poly(ethylene glycol) (PEG, Mn = 400 and 600 g⋅mol
-1

), both molecular weights purchased 

from Sigma – Aldrich, Germany 

� Hexamethylene diisocyanate (HMDI, 98 %) was purchased from Sigma – Aldrich, 

Germany 

� Stannous octoate (95 %) was purchased from Sigma – Aldrich, Germany 

� Triblock PLGA-PEG-PLGA (Mn = 7400 g⋅mol
-1

) synthesized by Lucy Vojtová (BUT 

Brno, CZ) 

� KBr for IR sp. was purchased from Fisher Scientific, spol. s r.o., Czech Republic 

� Gaseous nitrogen (99.999 %, SIAD Czech spol. s r.o.) was refined by drying column filled 

with molecular sieves and Cu catalyst 

3.2. Equipments 
� Glass high-vacuum line (hand-made at BUT, Faculty of Chemistry) 

� Glove bag (Aldrich, Germany) 

� Incubator Sanyo MCO-18AIC 

3.3. Methods 

3.3.1. Preparation of samples 

First samples were prepared on the air and mixed with mechanical stirrer. As for 

methodology development, it was found that it is necessary to degas all feedstocks before the 

synthesis since non-homogeneous and bubbled specimens have been obtained. 39 samples 

were prepared to find the optimal methodology for preparation of functional bio-PU samples. 

Finally, specimens were prepared under the nitrogen atmosphere on high vacuum line using 

Schlenk’s technique in combination with nitrogen filled glove-bag. Typical synthesis 

procedure of functional sample is described below. 

PCL and PEG were put into two-neck round bottom flask equipped with a magnetic stirrer 

and degassed together at 130 °C for 3 hours at mixing level of 400 rates per minute. HMDI 

was put into two-neck round bottom flask and degassed at laboratory temperature for 3 hours 

at mixing level of 400 rates per minute. Prior the degassing the system was purged by 

nitrogen and vacuum for three times. It was empirically found that 11 g of polyol is an ideal 

amount for preparation of samples to fit into the metal frame of the mould with dimensions of 

10 cm x 10 cm (length x width) and thickness of 0.1 cm. The weights of components are 

calculated in chapter 3.3.1.1. 

In 3 hours 5 µl of stannous octoate as catalyst were injected into PCL+PEG mixture, which 

was consequently cooled down to 65 °C and moved into a glove-bag. Followly, calculated 

amount of HMDI was dosed by plastic syringe under the nitrogen atmosphere. The polymer 

mixture was stirred with a stick for 30 seconds and then poured into 1 mm thick metal frame 

placed between 2 teflon sheets. After one day of curing the mould was put inside a drying 

oven preheated to 40 °C and cured there for 3 hours. The temperature was then changed to 

65 °C and the system was cured for 45 hours. 
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Consequently, samples with PEG having Mn = 600 and NCO/OH equal to 1.0 and 1.5 were 

prepared. The composition of prepared functional samples is summarized in Table 1. 

 

Table 1: Summarized composition of functional samples. 

label 

of sample 
PEG (g) PCL (g) 

PLGA-PEG-

PLGA (g) 
HMDI (ml) 

PEG-400-1.0 7.7 3.3 - 3.4 

PEG-400-1.2 7.7 3.3 - 4.0 

PEG-600-1.0 7.7 3.3 - 2.3 

PEG-600-1.5 7.7 3.3 - 3.5 

Note: The first number of sample label means the molecular weight of used PEG and the 

second one isocyanate ratio (molar ratio of isocyanate groups to all reactive groups in the 

reaction mixture). 

 

3.3.1.1.Triblock PLGA-PEG-PLGA substitution 

Samples with PEG having Mn = 400 and NCO/OH equal to 1.0, where the polyol 

components were substituted by triblock PLGA-PEG-PLGA in the amount of 1 % and 5 % 

were prepared. The synthesis procedure was same as for the functional samples described in 

chapter 3.3.1. The triblock was used as another polyol component, so that it was degassed 

together with PCL and PEG. The composition of substituted samples is summarized 

in Table 2. 

 

Table 2: Composition of prepared functional samples substituted by triblock PLGA-PEG-

PLGA. 

label 

of sample 

PEG (g) 

(Mn = 400 g⋅mol
-1

)  
PCL (g) 

PLGA-PEG-

PLGA (g) 
HMDI (ml) 

PLGA-PEG-

PLGA 1 % 
6.93 2.97 0.1 2.9 

PLGA-PEG-

PLGA 5 % 
6.65 2.85 0.5 2.9 

Note: PLGA-PEG-PLGA 1 % or 5 % means that 1 % or 5 % weight of polyol components 

was substituted by PLGA-PEG-PLGA triblock 

 



 29 

3.3.1.2.Calculations for the preparation of bio-PU samples 

The ratio of NCO and OH groups was set up to 1.2 [73]. Because PEG and PCL are both 

diols, the calculation is based on the fact that amount of moles of diols is equal to amount of 

moles of diisocyanate. 

 

Example of calculation for PEG-400-1.2 (molecular weight of PEG Mn = 400 g⋅mol
-1

, 

isocyanate index of 1.2): 

 ∑=
i

i

M

m
n  

 n ................. the number of moles of used diols 

 mi................ the weight of used diol 

 Mi ............... the molecular weight of used diol 

 mol 02090
2000

33

400

77
,

..
n =+=  

 

 The volume of HMDI at 20 °C: 

 
( ) ( )

( )
ml 04034

0471

216802090
211 ..

.

..
.

HMDI

HMDIMdiolsn
 indexisocyanateV ≅=

×
×=

×
×=

ρ
 

 V1................ the volume of necessary HMDI for preparation of polyurethane  

 isocyanate index......molar ratio of isocyanate groups to all reactive groups in the 

reaction mixture 

 n(diols) ....... the calculated number of moles of used diols 

 M(HMDI) ... the molecular weight of HMDI (168.2 g · mol
-1

) 

 ρ(HMDI)..... density of HMDI at 20 °C (1.047 g · cm
-3

) 

 

 

3.4. Characterization 

3.4.1. Optical microscopy 

Using optical microscope Olympus BX50 combined with camera Olympus C3040 it was 

possible to see the phase separation in the samples where this effect occurred. Maximal 

magnification used was 50 times. 

3.4.2. Tensile measurement 

Prepared samples were tested on Zwick Z010/Roell machine according to ISO 527. Head 

500 N was used for the measuring, the velocity of testing was 10 mm·min
-1

 with preload 

0.1 N at the laboratory temperature. The dimensions of cut dog-bones testing specimens were 

according to ISO 527-2/5B 35 mm long, in the middle part 2 mm wide, 1 mm thick and the 

length between the clamps was 10 mm (Fig. Fig. 18). For measuring the thickness and width 

the dial-gauge capable of reading 0.02 mm was used. The whole measuring was carried out 

according to ISO 527-2/5A/50 (Fig. Fig. 19). Each sample was measured 5 times and data 

were averaged to get the standard deviation. 
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Fig. Fig. 18: The dimensions of 5B sample according to ISO 527-2. 

 

 
Fig. Fig. 19: a) Sample 17 before stress-strain testing, b) Sample 17 during testing a few 

moments before rupture. 
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3.4.3. Swelling 

Swelling of the films cut to smaller pieces (1×1 cm, thickness 1 mm) was evaluated in the 

distilled (DI) water at laboratory temperature. Unbonded water was wiped from sample using 

the filter paper before weighing. The weight was measured first hour every ten minutes, the 

second hour every 20 minutes and then every hour as far as the weight was constant. Each 

sample was measured 3 times. Water uptake (Q) was calculated using the formula (4), where 

ws is the weight of swollen sample and wd is the weight of dry sample [77]: 

s

ds

w

ww
Q

−
=  (4) 

3.4.4. Degradation 

Degradation tests of swelled bio-PU samples were carried out in an incubator at 37 °C in 

DI water for 21 days. Each measurement was averaged on 3 samples. The samples were at the 

given time removed from vials with DI water, wiped using filter paper and weighed to 

determine the weight loss. 

3.4.5. Kinetics of polymerization 

Due to the long-lasting technique, only one sample was evaluated for polymerization 

kinetics. Thus PEG-400-1.2 was prepared as described in chapter 3.3.1. Before putting the 

sample inside the drying oven the film was divided into 10 pieces (20 × 10 mm, 1 mm 

thickness). Pieces were placed between 2 teflon sheets, put inside the drying oven and taken 

out at the given time. Then each sample was weighed on analytical balance, extracted by 

Soxhlet’s extractor for 4 hours and finally dried to a constant weight at 40 °C under vacuum. 

The difference between the weight of extracted and unextracted sample was used to calculate 

the degree of conversion at the given time.  

3.4.6. Fourier transform infrared spectroscopy 

Infrared spectra were collected using Nicolet iS10 FTIR Spectrometer in range of 4000 - 

500 cm
-1

 via KBr pellets technique. The resolution was set to 4 cm
-1

 and the number of scans 

was 64. Samples were put on KBr pellets via solution casting. 10 µg of each sample was 

dissolved in 2 ml THF for 24 hours. Then 1 drop, which is equal to 0.1 ml of solution, was via 

Pasteur pipette dropped on KBr pellet. 

3.4.7. Attenuated total reflection infrared spectroscopy (ATR-IR) 

Infrared spectra of samples, which did not dissolve in THF, were measured using ATR-IR. 

Samples were measured on Nicolet Impact 400 D FT-IR spectrometer equipped with ZnSe 

crystal for ATR-IR spectroscopy. The machine was set up to measure transmittance as a 

function of wave number between 4000 and 800 cm
-1

. The resolution was set to 8 cm
-1

 and 

the number of scans was 512. The testing samples sizes were 5.5 cm x 1.0 cm and 1 mm 

thickness. The samples were cut from prepared sheets by scalpel. 

3.4.8. Differential scanning calorimetry (DSC) 

Thermal properties of prepared samples were characterized by DSC. Measuring was 

carried out on TA Instruments Q2000 machine under the nitrogen atmosphere, cooling was 

provided by air. Each sample was heated up from 35 °C to 100 °C with ramp 10 °C·min
-1

 of 

heating. DSC thermographs were evaluated using software Universal Analysis 2000. 
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4. RESULTS AND DISCUSSIONS 

4.1. Synthesis of bio-PUs 
39 specimens were prepared to find the optimal methodology for preparation of functional 

bio-PU samples. Due to the melting point of PCL at around 60 °C, all synthesis procedures 

had to be realized at this or higher temperature. First polymerizations were done at 65 °C on 

the air using mechanical stirrer. All samples were either waxy or brittle and very porous. Thus 

two limiting specimens were made. The first one was made only from PCL and HMDI (no 

PEG) and the second one from PEG and HMDI (no PCL). The PCL/HMDI specimen was 

quite brittle while the PEG/HMDI was just sticky gel. Based on the literature searching, the 

ratio between PCL and PEG was changed from 1:1 to 3:7 resulting in more elastomeric 

specimens but still waxy.  

The next improvement was the degassing the original components at vacuum line. When 

HMDI and PEG were both degassed the first elastomeric (no waxy) sample was synthesized 

and in this thesis is signed as Sample 17.  To improve the elastomeric properties, the samples 

cured one day at the laboratory temperature inside the mould were placed to the drying oven. 

Although the feedstocks were degassed before synthesis, the bubbles occurred in the 

specimens after the curing in the drying oven.  

Next investigative step of preparation procedure include the combination of vacuum line 

(degassing the compounds) with mixing polyols and HMDI in nitrogen filled glove-bag to 

obtain non-bubbled samples. The representative of this serie is Sample 28, which was foggy 

instead of non-transparent look of the samples prepared before. 

 In the next steps the reaction mixture was poured onto teflon sheets instead of 

polypropylene ones, which shrinked at 65 °C in the oven. The curing in the oven was 

extended from 24 to 48 hours resulting in sample signed as PEG-400-1.2. Where 400 means 

the molecular weight of used PEG and 1.2 means the isocyanate ratio (NCO/OH). The sample 

was elastomeric, transparent and non-bubbled. Information about the preparation of the 

samples are summarized in the Table 2. The difference in appearance of chosen samples is 

exhibited in Fig. Fig. 20. 

 

 
Fig. Fig. 20: The difference in appearance of chosen prepared samples. 
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Table 3: Information about the preparations of selected samples. 

Sample no. 
PEG/PCL 

ratio 

PEG 

degased 

HMDI 

degassed at 

laboratory 

temperature 

PCL 

degassed 

Mixing on 

air vs. N2 

curing in a 

drying oven 
notes characteristics 

2 1/1 - - - air - 

first mixed PCL with 

HMDI, after 20 

minutes PEG was 

added 

opaque, sticky, 

waxy 

7 (PCL+HMDI) - was not used - - air - - white, brittle 

17 7/3 3 hours at 130 °C, 1 hour - air - - 
elastomeric, 

opaque 

28 7/3 3 hours at 130 °C 2 hours 
3 hours 

at 100 °C 
N2 

24 hours at 

65 °C 

PEG was degassed 

alone, then PEG and 

PCL were degassed 

together at 100 °C for 

3 hours 

elastomeric 

30 7/3 3 hours at 130 °C 2 hours 
3 hours 

at 100 °C 
N2 

3 hours at 

40 °C then 21 

hours at 65 °C 

PEG was degassed 

alone, then PEG and 

PCL were degassed 

together at 100 °C for 

3 hours 

phase separation 

(confirmed on 

optical microscope) 

PEG-400-1.2 

(Sample 39) 
7/3 3 hours at 130 °C 2 hours 

3 hours 

at 130 °C 
N2 

3 hours at 

40 °C then 21 

hours at 65 °C 

PEG and PCL were 

degassed together 

for 3 hours at 130 °C 

transparent 

All samples: SnOct catalyst was added to polyols at 65 °C in the amount of 10 µl before mixing with HMDI. 
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4.2. Optical microscopy 
Based on the physical conditions of samples preparations, flexible bio-PU films from 

transparent (clear) through cloudy (with visible phase separation) to non-transparent white 

were obtained. Observation using optical microscope showed that the phase separated parts of 

samples consist of spherolithes, which represent crystalline phase of PCL. Due to the 

thickness spherolithes were not observed on all phase separated places at the samples but only 

on thinner ones. As an example, the picture captured from Sample 30 is showed in Fig. Fig. 

21. The more detailed view of spherolithes can be seen in Fig. Fig. 22. The diameter of 

watched spherolithes is approximately 100-200 µm. 

To see the surface of prepared specimens picture of each of them was captured in 10x 

magnification. Sample PEG-600-1.0 was the stickiest and the surface can not be seen well 

instead of sample PEG-400-1.2, where stripes from the teflon sheets can be seen. 

 

 

 
Fig. Fig. 21: Phase separated regions of Sample 30 captured by optical microscope. 

 

spherolithes 

 

amorphous matrix 
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Fig. Fig. 22: Detailed view to a spherolithes of PCL captured by optical microscope with 50x 

magnification. 

 

 
Fig. Fig. 23: Selected samples were captured with 10x magnification. 

 

amorphous matrix 

spherolithes 
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4.3. Tensile measurement 
Representative samples described previously in the chapter 4.1 were chosen for the tensile 

measurements. The results of tensile measurements are summarized in Table 3.  

 Retrieved stress-strain curves were analyzed for Young’s modulus Ey (MPa), tensile stress 

at break σB (MPa) and tensile strain at break εB (%).  

 

Table 4: Mechanical properties of prepared samples analyzed from stress-strain curves. 

Label of sample Ey (MPa) σB (MPa) εB (%) 

17 1.7 ± 0.1 2.3 ± 0.2 54 ± 7 

28 0.39 ± 0.01 1.4 ± 0.1 55 ± 5 

PEG 400 1.0 0.39 ± 0.10 0.9 ± 0.2 914 ± 10 

PEG 400 1.2 0.33 ± 0.02 2.0 ± 0.1 80 ± 1 

PEG 600 1.0 0.4 ± 0.2 0.3 ± 0.1 287 ± 5 

PEG 600 1.5 3.0 ± 0.6 11.7 ± 1.9 777 ± 80 

4.3.1. Tensile stress at break σB (MPa) and tensile strain at break εB (%) 

Samples 17, 28 and PEG-400-1.2 behaved more like brittle materials with no yield point 

and no strain-hardening (Fig. Fig. 24). Thus, their ultimate strength and breaking strength 

were the same. Specimens PEG-400-1.0 and PEG-600-1.0 had a yield point which was 

higher than the value of their stress at break (Fig. Fig. 25). Both samples have high elongation 

which is caused by amount of HMDI presented in the polymer network (used isocynate ratio 

was 1.0). The polymer network seems to be not completely cross-linked.  

Stress-strain curves of PEG-400-1.0 and PEG-400-1.2 are presented in Fig. Fig. 26 to 

compare the difference in used isocyanate ratio. Polymer network of PEG-400-1.2 is 

supposed to be completely cross-linked and the stress-strain curve has shape like brittle 

material compared with ductile behavior of sample PEG-400-1.0. 

 The tensile behavior of sample PEG-600-1.5 is illustrated together with other working 

samples in Figure Fig. 27.  Its stress-strain curve shows yield point lower than its breaking 

strength. As tensile tests show, isocyanate ratio seems to play more important role in 

mechanical properties than molecular weight of PEG. 
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Fig. Fig. 24: Stress-strain curves of samples prepared under different conditions. 
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Fig. Fig. 25: Stress-strain curves of samples with the same isocyanate ratio 1.0 but different 

molecular weight of used PEG. 
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 Fig. Fig. 26: Stress-strain curves of samples made of PEG-400 with different isocyanate 

ratios. 
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Fig. Fig. 27: Stress-strain curves of selected samples.  
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4.4. Swelling and hydrolytic stability of prepared samples 

4.4.1. Swelling 

All polymers selected for the study swelled in the water. Prepared bio-PU samples show 

different swelling properties (Fig. Fig. 28) as the methodology was developing. 

Sample 2 was completely made on air and after 30 minutes in water it started to dissolve. 

Sample 7 was made of PCL and HMDI without PEG. Both, PCL and HMDI are hydrophobic. 

Their hydrophobicity is well reflected in the chart, where only small water uptake at the 

beginning can be seen. Till the end of the experiment the water uptake stayed on a constant 

level between 3-4 %. 

The difference between swelling characteristics of Samples 17, 28 and PEG-400-1.2 is 

because of the different methodology (described in chapter 4.1). Sample 17 was not cured in 

the drying oven and has the highest (45 %) water uptake (the lowest cross-linking density). 

For the other two specimens, the longer the time of curing (the higher cross-linking density), 

the smaller was the water uptake (37 % in comparison to 31 %). 

Swelling properties of samples made with same isocyanate ratio (1.0) but with different 

molecular weight of PEG (400, 600) are illustrated in Figure Fig. 29. For the higher molecular 

weight of PEG (600) the water uptake is higher (58 %), which corresponds with hydrophilic 

character of PEG. The comparison of swelling between samples made of PEG 400 with 

different isocyanate ratios is illustrated in Figure Fig. 30. Similar situation but different 

molecular weight of used PEG (600) is shown in Figure Fig. 31. The higher isocyanate ratio 

lowered the water uptake of the sample. As higher amount of isocyanate was used in the 

synthesis, the polymer network was more cross-linked and then the ability to uptake water is 

lower. The highest water uptake in all functional samples could be seen in the first ten 

minutes and still goes up fast next 90 minutes. 

Swelling characteristics of samples, where the polyol components were substituted by 

triblock PLGA-PEG-PLGA, are illustrated in Fig. Fig. 29. The higher amount of triblock 

substituted (1 % substituted in the first specimen and 5 % in the second one), the lower water 

uptake was found out (37 % in the first specimen compared with 16 % in the second one). 

This is caused by presence of PLA and PGA as hydrophobic components in the triblock (mass 

ratio PLGA/PEG = 3/1). Polyol component in the original sample consists of PEG and PCL 

with mass ratio between PEG and PCL equal to 7/3. Thus, original polyol component, where 

hydrophilicity predominates, was replaced by the other more hydrophobic one. 
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Fig. Fig. 28: Swelling properties of selected samples. 
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Fig. Fig. 29: Swelling properties of samples made with same isocyanate ratio 1.0 but different 

molecular weight of PEG. 
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Fig. Fig. 30: Swelling properties of samples with isocyanate ratio 1.0 and 1.2 where PEG 

with the same Mn = 400 is presented in polyol components.  
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Fig. Fig. 31: Swelling properties of samples with isocyanate ratio 1.0 and 1.5 where PEG 

with the same Mn = 600 is presented in polyol components. 
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Fig. Fig. 32: Swelling characteristics of samples made of PEG Mn = 400 with isocyanate 

ratio 1.0 where polyol components were substituted by triblock PLGA-PEG-PLGA. 

 

4.4.2. Hydrolytic degradation 

Hydrolytic degradation of specimens was realized for 3 weeks in water at 37 °C to mimic 

the conditions to the human body. 

Mass loss of samples from different parts of the methodology development is illustrated in 

Figure Fig. 33. The lowest degradation (the level of mass loss) at approximately of 1 % has 

the sample made of PCL and HMDI (without PEG). As discussed previously in chapter 4.4.1, 

both compounds are hydrophobic, which explains the slow degradation rate in water. The 

other samples seem to degrade depending on the time of curing in the oven (on the cross-

linking density). Sample 17 was not cured in the drying oven (has the lowest cross-linking 

density) and has the highest mass loss (11.5 %). For the other two specimens, the longer the 

time of curing (the higher cross-linking density), the lower the mass loss. 

The comparison of hydrolytic degradation between samples made with the same 

isocyanate ratio 1.0 but different molecular weight of PEG is shown in Figure Fig. 34. 

Different molecular weight of presented PEG at the same level of isocyanate ratios did not 

show significant differences in degradation. They seem to swell till the fourth day as the 

advanced water uptake counts 0.8 % for the sample PEG-600-1.0 and 0.4 % for the sample 

PEG-400-1.0. After the seventh day the mass loss started to increase approximately for 0.3 % 

per day. 

Hydrolytic degradation of samples where PEG 400 was used with different isocyanate 

ratios is illustrated in Figure Fig. 35. Sample PEG-400-1.2 has rapid increase of mass loss 

during the first two days then the degradation stopped and stayed on the constant level at 

approximately 7 % for the next 20 days. Sample made with isocyanate ratio 1.0 started to loss 

its mass after the seventh day approximately 0.3 % per day. If the trend will follow the sample 
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will degrade faster than the other one made with isocyanate ratio 1.2. The faster degradation is 

caused by lower amount of used isocyanate. The sample has lower cross-linking density and 

is more easily degradable. 

Hydrolytic degradation of samples, where the polyol components were substituted by 

triblock PLGA-PEG-PLGA is illustrated in Figure Fig. 37. Both substituted specimens 

degrade faster than the original PEG-400-1.0. The sample substituted by 5 % of triblock 

showed higher mass loss (18.3 % after 14 days) than the other one substituted by 1 % of 

triblock (11.1 % after 14 days). It was expected that the substituted specimens will have lower 

mass loss than the non-substituted as their nature is more hydrophobic (discussed in chapter 

4.4.1). The reason might be that the triblock was not well cross-linked into the polymer 

network of the material. 
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Fig. Fig. 33: Hydrolytic degradation of selected samples as the methodology was developing 

(methodology development is described in chapter 4.1). 
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Fig. Fig. 34: Hydrolytic degradation of samples made with same isocyanate ratio 1.0 but 

different molecular weight of PEG. 
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Fig. Fig. 35: Hydrolytic degradation of samples with isocyanate ratio 1.0 and 1.2 where PEG 

with the same Mn = 400 is presented in polyol components. 
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Fig. Fig. 37: Hydrolytic degradation of samples made of PEG Mn = 400 with isocyanate ratio 

1.0 where polyol components were substituted by triblock PLGA-PEG-PLGA. 

 

 

4.5. Kinetics of polymerization 
As illustrated in Figure Fig. 38 the annealing curve begins at the conversion of 17 % 

meaning the conversion of sample after one day of curing in the mould at the laboratory 

temperature. The low degree of conversion signs that curing at higher than laboratory 

temperature is needed. The samples were measured every 30 minutes within first two hours, 

because the change in the degree of conversion was very fast. The monitoring of net 

formation showed sufficient conversion of polymerization (96 %) already after 4 hours of 

curing in the oven. 
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Fig. Fig. 38: The changes in the degree of conversion as a function of annealing time in 

vacuum oven. 

 

4.6. Infrared spectroscopy (IR) 
Prepared samples were analyzed by infrared spectroscopy to prove their chemical 

composition, especially if HMDI was completely cross-linked in the polymer network. As 

well as, the extracted parts of samples were IR analyzed and compared with samples before 

extraction to see the composition difference. Some samples did not completely dissolve in 

THF but showed infrared spectra. Due to this fact the intensity of obtained spectra can be 

conceived only in qualitative manner. 

The measured spectra are shown in Fig. Fig. 39. The band with minimum at 3349 cm
-1

 

belongs to stretching of –NH. The bands at 2940 cm
-1

 and 2871 cm
-1

 are associated with 

asymmetric and symmetric –CH2 groups. Other modes of –CH2 vibrations are expressed by 

the bands at 1467, 1356, 1298, 852 cm
-1

. The band at 1725 cm
-1

 confirms the presence of the 

–C=O groups which are parts of urethane and ester bonds. The appearance of this band and a 

shift of the     –NH band towards lower wavenumbers indicate an improvement in the 

hydrogen bonding network between –NH, –C=O and ether –O–  groups [78]. The amide II 

band appears at 1540 cm
-1

. The band of 1245 cm
-1

 is assigned to amide III aliphatic R-NH-

COO- groups as well as the band at 1103 cm
-1

 [79]. 

All obtained spectra were almost the same. The difference between extracted and non-

extracted samples is not obvious. Isocyanate group can occur in infrared spectra in two bands. 

The first one lies between 2285 - 2250 cm
-1

 and the second one is situated between 1460 - 

1340 cm
-1

 [80]. Neither the first nor the second one band occurred in any obtained spectra. 

This fact confirms that HMDI was completely cross-linked in the polymer network. 
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Fig. Fig. 39: Infrared spectra of samples that completely or partly dissolved in THF. Samples 

17E and 28E were extracted while the others were analyzed as obtained in synthesis. 

 

4.6.1. ATR – Infrared spectroscopy 

By ATR-IR four samples, from which two completely did not dissolve in THF (PEG-400-

1.2 and PEG-600-1.5) and their analogues but with isocyanate index 1.0 were measured. The 

spectra are shown in Figure Fig. 40. 

The band with minimum at 3336 cm
-1

 belongs to stretching of –NH group. The bands at 

2935 cm
-1

 and 2861 cm
-1

 are related to asymmetric and symmetric –CH2  groups. Other modes 

of –CH2 vibrations are manifested by the bands at 1461, 1365, 1295, 863 cm
-1

. The band at 

1724 cm
-1

 confirms the presence of –C=O groups. The amide II band appears at 1535 cm
-1

. 

The band 1245 cm
-1

 is assigned to amide III aliphatic R-NH-COO- groups as well as the band 

at 1103 cm
-1

. 

The obtained spectra were almost the same with the difference in the intensity. The 

intensity was influenced by the force used for inserting the samples between the crystal and 

the holder of the specimen and by adhesion of the sample to the crystal. Spectrum of sample 

PEG-600-1.5 was the most difficult to capture and the recorded signal had the lowest 

intensity. The bands of isocyanate group (2285 - 2250 cm
-1

 together with 1460 - 1340 cm
-1

) 

have not occurred in gained spectra which confirms that HMDI was completely cross-linked 

in the polymer network.  
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Fig. Fig. 40: ATR-IR spectra of selected samples which did not dissolve in THF.  

 

4.7. Differential scanning calorimetry (DSC) 
As illustrated in Figure Fig. 41, the polymers showed melting endotherms of soft segment 

domains in the range from 35 °C (the beginning of the measurements) to 67 °C (the end of 

melting of PCL). The endothermal peaks with min. at 55 - 56 °C belong to melting of PCL, 

which has melting temperature in the range between 59 - 65 °C [23]. 

Both samples made with isocyanate ratio 1.0 have melting peaks of soft segment domains 

finished with melting of PCL which signs that used amount of HMDI was not enough to 

cross-linked all PCL macromolecules into the polymer network. Sample PEG-400-1.2 is the 

only one that does not have the melting peak of PCL. PCL in this sample was completely 

cross-linked in the polymer network. Sample PEG-600-1.5 is supposed to be completely 

crosslinked, however shows the melting peak of PCL. It signifies that there is still some PCL 

separated  from the PEG-HMDI matrix. 
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Fig. Fig. 41: DSC thermographs of functional samples in the are of PCL’s melting. 
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5. CONCLUSION 
39 specimens were prepared to find the optimal methodology for preparation of functional 

bio-PU elastomeric samples. As for methodology development, it was found that it is 

necessary to degas all feedstocks before synthesis, otherwise non-well polymerized samples 

with different pore size have been obtained. As the methodology was developed, functional 

samples with different molecular weight of PEG and isocyanate ratio (NCO/OH) were 

synthesized to see the differences in their characteristics.  

Tensile tests showed that isocyanate ratio plays more important role in mechanical 

properties than the molecular weight of PEG. Specimens synthesized with the same molecular 

weight of PEG but different isocyanate ratio showed stress-strain curves of different shapes. 

The first case (NCO/OH = 1.0) was illustrated by stress-strain curve with yield point 

(1.0 ± 0.1 MPa) higher then the value of the stress at break (0.9 ± 0.2 MPa) compared with the 

second case (NCO/OH = 1.2) with the stress-strain curve in the shape like brittle material 

without yield point with stress at break of 2.0 ± 0.1 MPa. 

DSC analysis of selected functional samples showed melting endotherms of soft segment 

domains in the range from 35 °C (the beginning of the measurements) to 67 °C with minimum 

of melting peak at 56 °C, which signs melting of semicrystalline PCL. Crystallinic phase of 

PCL was observed by optical microscopy where pictures of spherolithes in different sizes 

were captured. 

The monitoring of net formation proved that conversion of polymerization was 96 % 

already after 4 hours of annealing in the oven, while only 17 % of conversion was obtained 

for samples cured for 12 hours at laboratory temperature. All prepared bio-PU samples 

selected for the study swelled in water. Polymers showed different swelling properties as the 

methodology was developing. The longer the time of curing (the higher cross-linking 

density), the smaller was the water uptake (45 % has the sample that was not cured compared 

with 31 % water uptake of the sample that was cured for 48 hours). Functional specimens 

exhibited that the higher molecular weight of PEG (400 and 600) the water uptake was higher 

(28 and 58 %, respectively), which corresponds with hydrophilic character of PEG. 

Presumably, with increasing the isocyanate ratio the water uptake decreased confirming more 

hydrophobic samples. Substitution of polyol components by PLGA-PEG-PLGA triblock 

copolymer changed the character of material to more hydrophobic one where substitution of 

only 5 % of triblock by polyol lowered the water uptake from 37 to 16 %. 

Hydrolytic degradation realized for 3 weeks in water at 37 °C showed that the lowest 

degradation (level of mass loss) of approximately 1 % had the sample made from PCL and 

HMDI (without PEG). The other samples showed that the longer the time of curing the lower 

the mass loss (11.5 % of the sample without curing compared with 6.6 % of the sample that 

was cured for 48 hours). Different molecular weight of presented PEG on the same level of 

isocyanate ratios (1.0) did not show significant differences in degradation.  

Infrared spectroscopy proved that HMDI was completely cross-linked in the network as the 

bands of isocyanate group between 2285 - 2250 cm
-1

 and 1460 - 1340 cm
-1

 have not occurred 

in any spectra. 

Functional samples were successfully synthesized. Their mechanical (flexibility, 

toughness) and physical properties (swelling, degradation) for given biomedical application 

can be tailored by molecular weight of PEG, isocyanate ratio or by additives such as PLGA-

PEG-PLGA triblock. 
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7. APPENDICES 

7.1. The list of used pictures 
Fig. 1. General formation of polyurethane. 

Fig. 2. Ideal primary structure of segmented polyurethane. 

Fig. 3. a) The structure of segments before stress. b) Reorientation of segments after 

stress. 

Fig. 4. Biodegradable poly(urethane)s (PUR)s, macrodiols and linear diisocyanates 

commonly used in tissue engineering. 

Fig. 5. Degradation of urethane link. 

Fig. 6. Hydrogen bonding between the chains of a polyurethane based on 1,6 – hexane 

diisocyanate and 1,4 – butane diol. 

Fig. 7. Polyglycolide 

Fig. 8. Different isomeric forms of lactic acid. 

Fig. 9. Building units of poly(lactic-co-glycolic acid) 

Fig. 10. The chemical structure of poly(ethylene glycol) (PEG) 

Fig. 11. Polycaprolactone. 

Fig. 12. Hydrophilic PEG shell and hydrophobic PLGA core. 

Fig. 13. Plausible pathway for the nucleophilic lactide ROP. Nu denotes the catalyst 

(enzyme, amine, phosphine, or N-heterocyclic carbene). ROH refers either to 

the initiating protic agent or to the secondary alcohol function of the growing 

polymer chain. 

Fig. 14. Synthetic scheme of PEG-PLGA-PEG triblock copolymers. 

Fig. 15. In Eq. 1 DBTDL undergoes rapid dissociation into a catalytically active 

species (Sn+). This species reacts with an isocyanate group (R’NCO) to 

equilibrium as shown in Eq. 2, to form the activated complex (Sn+R’NCO). 

Finally, the activated complex undergoes reaction with a hydroxyl group 

(R”0H) in Eq. 3 to form the urethane product (R’NHCOOR“) and release the 

active species. 

Fig. 16. Degradation of polylactide by hydrolytic scission of the main chain ester 

bonds. 

Fig. 17. Reaction of isocyanate group with water. 

Fig. 18. The dimensions of 5B sample according to ISO 527-2. 

Fig. 19. a) Sample 17 before stress-strain testing, b) Sample 17 during testing a few 

moments before rupture. 

Fig. 20. The difference in appearance of prepared samples as the methodology was 

developing. 

Fig. 21. Phase separated regions of Sample 30 captured by optical microscope with 

magnificence 100. Crystalline phase made of PCL is obvious. 

Fig. 22. Detailed view to a spherulite of PCL captured by optical microscope with 

magnificence 50. 

Fig. 23. Selected samples captured with magnificence 10. The difference in colors is 

because of better sharpness of pictures. 

Fig. 24. Stress-strain curves of samples that were prepared under different conditions. 
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Fig. 25. Stress-strain curves of samples with the same isocyanate ratio 1.0 but different 

molecular weight of used PEG. 

Fig. 26. Stress-strain curves of samples made of PEG-400 with different isocyanate 

ratios. 

Fig. 27. Stress-strain curves of selected samples. 

Fig. 28. Swelling properties of selected samples. 

Fig. 29. Swelling properties of samples made with same isocyanate ratio 1.0 but 

different molecular weight of PEG. 

Fig. 30. Swelling properties of samples made of PEG 400 with isocyanate ratio 1.0 and 

1.2. 

Fig. 31. Swelling properties of samples made of PEG 600 with isocyanate ratio 1.0 and 

1.5.  

Fig. 32. Swelling characteristics of samples made of PEG Mn = 400 with isocyanate 

ratio 1.0, where polyol components were substituted by triblock PLGA-PEG-

PLGA. 

Fig. 33. Hydrolytic degradation of selected samples as the methodology was 

developing. 

Fig. 34. Hydrolytic degradation of samples made with same isocyanate ratio 1.0 but 

different molecular weight of PEG. 

Fig. 35. Hydrolytic degradation of samples with isocyanate ratio 1.0 and 1.2 where 

PEG with the same Mn = 400 is presented in polyol components. 

Fig. 36. Hydrolytic degradation of samples with isocyanate ratio 1.0 and 1.5 where 

PEG with the same Mn = 600 is presented in polyol components. 

Fig. 37. Hydrolytic degradation of samples made of PEG Mn = 400 with isocyanate 

ratio 1.0 where polyol components were substituted by triblock PLGA-PEG-

PLGA. 

Fig. 38. The changes in the degree of conversion as a function of annealing time in 

vacuum oven. 

Fig. 39. Infrared spectra of samples that completely or partly dissolved in THF. 

Fig. 40. ATR-IR spectra of samples which did not dissolve in THF. 

Fig. 41. DSC thermographs of selected samples. 
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7.2. The list of used symbols and shortcuts 
ATR-IR Attenuated total reflection infrared spectroscopy 

BDI butane diisocyanate 

bio-PU biodegradable polyurethane 

DBTL dibutyltin dilaurate 

DSC differential scanning calorimetry 

εB tensile strain at break 

Ey Young’s modulus 

FDA Food and Drug Administration 

Fig. figure 

FTIR Fourier-transform infrared spectroscopy 

ΗΑ hydroxyapatite 

HMDI hexamethylene diisocyanate 

IgG immunoglobulin-G 

IR Infrared spectroscopy 

M(HMDI) the molecular weight of HMDI (168.2 g · mol
-1

) 

MDI 4,4’-diphenylmethane diisocyanate 

Mi the molecular weight of used diol 

mi the weight of used diol 

min minutes 

Mn number average molecular weight 

Mw weight average molecular weight 

n(diols) the calculated number of moles of used diols 

NCO/OH ratio isocyanate ratio 

PCL poly(ε-caprolactone) 

PEG poly(ethylene glykol) 

PEG-400-1.0 
polyurethane made of polyethylene glycol (Mn = 400 g⋅mol

-1
) with 

isocyanate index 1.0 

PEG-400-1.2 
polyurethane made of polyethylene glycol (Mn = 400 g⋅mol

-1
) with 

isocyanate index 1.2 

PEG-600-1.0 
polyurethane made of polyethylene glycol (Mn = 600 g⋅mol

-1
) with 

isocyanate index 1.0 

PEG-600-1.5 
polyurethane made of polyethylene glycol (Mn = 600 g⋅mol

-1
) with 

isocyanate index 1.5 

PEO poly(ethylene oxide), poly(oxyethylene) 

PGA poly(glycolic acid), polyglycolide 

PLA poly(lactic acid), polylactide 

PLGA poly(lactic-co-glycolic acid) 

PLGA-PEG-

PLGA 1 % 

1 % weight of polyol component in polyurethane was substituted by 

triblock PLGA-PEG-PLGA 
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PLGA-PEG-

PLGA 5 % 

5 % weight of polyol component in polyurethane was substituted by 

triblock PLGA-PEG-PLGA 

PLLA poly(L-lactic acid) 

PU polyurethane 

Q water uptake 

ρ(HMDI) density of HMDI at 20 °C (1.047 g · cm
-3

) 

ROP ring-opening polymerization 

σB tensile stress at break 

SPHs super-porous hydrogels 

TCP tricalciumphosphate 

TDI toluene diisocyanate 

THF tetrahydrofurane 

V1 the volume of necessary HMDI for preparation of polyurethane 

wd the weight of dry sample 

ws the weight of swollen sample 

 

7.3. The list of tables 
Table 1 Summarized composition of functional samples. 

Table 2 Composition of prepared functional samples substituted by triblock PLGA-PEG-

PLGA. 

Table 3 Information about the preparations of selected samples. 

Table 4 Mechanical properties of prepared samples analyzed from stress-strain curves. 

 


