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CHAPTER 1 

 
Introduction 

 

Biodegradable aliphatic polyesters, such as poly(lactide) (PLA), poly(glycolide) (PGA), 

poly(ε-caprolactone) (PCL) and copolymers of their monomers, are widely used in medical 

applications.[1-3] Of the polyesters, poly(lactide)s have received special interest due to the 

presence of asymmetrical carbon atoms in the lactide monomers. Poly(D,L-lactide) (PDLLA) 

is amorphous, while poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA) are semi-

crystalline. Furthermore, enantiomeric PLLA and PDLA form high-melting 

stereocomplexes.[4]  

Compared to the relatively rigid poly(lactide)s, materials with a lower modulus are 

advantageous when applied in soft tissues. Increasing attention is being devoted to the 

development of biodegradable materials that are flexible and elastic. Several types of such 

elastomers have been developed. Examples are chemically crosslinked networks.[5-8]  

Poly(trimethylene carbonate) (PTMC) is flexible, biodegradable and biocompatible. 

Recently, we developed high molecular weight, TMC-based random copolymers with DLLA 

and ε-caprolactone. The use of these polymers has been proposed in soft tissue 

engineering.[9]  

In this thesis, block copolymers of PTMC, poly(lactide)s and poly(ethylene glycol) (PEG) 

are prepared, aiming at different medical applications. For applications where creep-resistant 

elastomers are desired, semi-crystalline poly(lactide)-PTMC-poly(lactide) triblock 

copolymers are synthesized. These polymers, consisting of soft PTMC segments and rigid 

poly(lactide) segments, are phase-separated thermoplastic elastomers. The extent of phase 

separation can be further enhanced by stereocomplexation.  

Amphiphilic block copolymers containing PEG are widely used for the controlled delivery 

of drugs. As PTMC degrades in vivo by surface erosion without forming detrimental acidic 
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compounds, TMC-based polymers are attractive in delivery of sensitive drugs. Based on 

amphiphilic PEG and PTMC block copolymers, we can prepare microparticles, nanoparticles 

and micellar systems. Also, stereocomplexation-induced gelation in aqueous media of 

enantiomeric block copolymers of PEG and poly(lactide)s is interesting. In this case, the 

architecture of the block copolymers can have a large effect on the gelation behavior and gel 

properties.  

Figure 1 is an illustration of the different structures of the block copolymers based on 

TMC, lactides and PEG, as well as potential applications that are described in this thesis. 
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Figure 1. Scheme illustrating different structures and applications of block copolymers based on 

TMC, lactides and PEG. 

 

 

STRUCTURE OF THE THESIS 

 

This thesis is divided into four parts. First an introductory part is presented in Chapter 1 

and Chapter 2. Chapter 2 reviews the current literature on degradable block copolymers and 

gives a general background to this thesis. Important issues related to the research described in 

this thesis, i.e. polymer degradation and erosion, block copolymers (amphiphilic block 
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copolymers and phase-separated multiblock copolymers), ring-opening polymerization of 

cyclic esters, poly(lactide)s and stereocomplexes of enantiomeric PLLA and PDLA,  and 

properties of TMC-based homopolymer and copolymers, are discussed.  

In the second part of this thesis, the degradation behavior of PTMC is investigated. In 

Chapter 3, we describe the degradation behavior of PTMC in vivo and in vitro. For in vivo 

degradation studies, PTMC specimens were implanted in the femur and tibia of rabbits. In 

vitro degradation studies were performed using lipase solutions (lipase from Thermomyces 

Lanuginosus) and non-enzymatic media with pH values ranging from 1.0 to 13.0. In Chapter 

4, the enzymatic surface erosion of PTMC films is studied by atomic force microscopy 

(AFM).  

The third and the fourth parts illustrate potential applications of degradable block 

copolymers of PTMC, lactides and poly(ethylene glycol) (PEG). The third part describes the 

preparation and characterization of biodegradable thermoplastic elastomers, which can be 

used as soft tissue implants or in tissue engineering applications. In Chapter 5, PLLA-

PTMC-PLLA and PDLA-PTMC-PDLA triblock copolymers with different lactide contents 

were prepared. The effects of poly(lactide) block length, and stereocomplexation of 

poly(lactide) segments on morphology (the extent of phase separation and thermal 

properties) and on mechanical properties were studied. In Chapter 6, porous structures from 

stereocomplexes of the mentioned enantiomeric triblock copolymers were prepared. Their 

recovery behavior (resistance to creep) after long-term compressive deformation was 

evaluated and compared to that of high molecular weight porous PTMC specimens. 

Preliminary in vitro degradation results of these porous structures are given in Appendix A. 

The fourth part deals with the preparation of various types of degradable matrices and their 

applicability in controlled drug release. In Chapter 7 the focus is on the preparation of 

microparticles from PTMC and monomethoxy-poly(ethylene glycol)-PTMC (mPEG-PTMC) 

diblock copolymers by a double emulsion technique. These microparticles were loaded with 

bovine serum albumin (BSA), lysozyme, and a low molecular weight model compound 

(Coomassie® Brilliant Blue G). The release of the low molecular weight model compound 

from these particles was investigated. In Appendix B, the in vitro degradation behavior of 

the mPEG-PTMC diblock copolymer, used in Chapter 7, was studied. Water, citric acid 

buffer solutions (pH=4), and lipase solutions were used as degradation media.   
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In Chapter 8, the preparation of PTMC and mPEG-PTMC nanoparticles by salting out and 

single emulsion methods is described. In the preparation of mPEG-PTMC nanoparticles, no 

additional stabilizer was required. These nanoparticles were loaded with a hydrophobic drug, 

dexamethasone. Release experiments were carried out and the dexamethasone release 

profiles were analyzed. Chapter 9 reports on a novel, thermo-sensitive transition from 

mPEG-PTMC films to micellar-like nanoparticles. The mechanism of the transition and its 

potential application in preparing drug-loaded micellar systems are discussed.  

In Appendix C, stereocomplexation induced gelation in aqueous media was investigated. 

Enantiomeric linear, 3-armed and 4-armed block copolymers of PEG and enantiomeric 

PLLA and PDLA were employed in this study. The effect of polymer architecture on 

gelation behavior was studied.  

Most of the work described in this thesis has been published or will be published in the 

near future.[10-18] 
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CHAPTER 2 

 
Biodegradable Block Copolymers Based on Trimethylene 

Carbonate, Lactides, and Poly(ethylene glycol) 

 

BIODEGRADABLE POLYMERS  

 

Degradation and erosion of polymers 

 

In polymer degradation, chain scission occurs and oligomers, monomers and other low 

molecular weight species are formed.[1] The degradation of polymers can be induced by 

thermal activation, oxidation, photolysis, radiolysis, or hydrolysis processes.[2] When 

degradation occurs in a biological environment, the term biodegradation can be used. 

Degradation processes can result in erosion, i.e. loss of mass of the polymeric materials, 

when degradation products diffuse and dissolve into the degradation environment.[1] 

Erosion of polymers can be classified as a bulk erosion process or a surface erosion 

process.[2-4] In bulk erosion, the polymer chain scission occurs throughout the specimen. 

The molecular weight and the mechanical strength of the specimens decrease in time. The 

decrease in molecular weight occurs essentially from the beginning of the degradation 

process, whereas loss of mass is much delayed. The external dimensions of the polymer 

specimens remain essentially unchanged, until the specimens disintegrate at a critical time 

point. It should be noted that the loss in mechanical properties of the material precedes 

the loss in mass. The process of bulk erosion is schematically described in Figure 1a.  

In surface erosion, loss of material is confined to the surface of the polymer device 

only. Size and mass of the device decrease in time, whereas molecular weight and 

mechanical properties of the polymer device remain unchanged. In surface erosion, the 

rate of mass loss is proportional to the surface area. Surface erosion is schematically 

depicted in Figure 1b.  
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Figure 1. Scheme illustrating degradation of materials by bulk erosion (a) and surface erosion (b) 

processes. 

 

In drug delivery applications, a surface-eroding polymer can provide constant and 

readily controllable drug release rates; furthermore, the drug does not contact with the 

environment until it is released. However, only few polymers show surface erosion 

characteristics, examples are polyanhydrides (copolymers of sebacic acid (SA), 1,3-bis(p-

carboxyphenoxy)propane (CPP), and 1,3-bis(p-carboxyphenoxy)hexane (CPH)),[5] 

poly(adipic anhydride),[6] and poly(ortho esters).[7] In their main chains, these polymers 

have labile bonds, which readily react with water. As these polymers are usually 

hydrophobic, and water penetration rate is low, the degradation process predominantly 

occurs at the surface.  

Recently, it was observed that aliphatic polycarbonates such as poly(ethylene 

carbonate) (PEC) and poly(trimethylene carbonate) (PTMC) also show surface erosion 

characteristics in vivo. Although their chemical structures are similar, their in vivo 

degradation mechanisms differ: Radical, anionic superoxide species, released by 

inflammatory cells, seem to be involved in the degradation of PEC;[8-10] whereas 

enzymatic degradation plays an essential role in the surface erosion of PTMC in vivo.[11] 

The degradation behavior of PTMC is an important issue of this thesis.  

 

Biodegradable (co)polymers in medical applications  

 

Significant efforts have been devoted to preparing biodegradable polymers and using 

them in medical applications as implants, drug delivery devices and tissue engineering 

scaffolds.[12-15] Depending on the applications, polymeric materials with widely differing 

physical properties (e.g. thermal properties, mechanical properties, and hydrophilicity) 
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and degradation characteristics are required. Therefore, copolymerization, i.e. the 

preparation of polymers from two or more types of monomers, is often employed to tune 

the material properties.  

Copolymers can be classified as random-, alternating-, block- or graft copolymers. 

Random copolymers have a statistical arrangement of the sequence distribution of 

different monomer units in their backbone. The physical and degradation properties 

depend on monomer composition.[16-19] In alternating copolymers, the different 

monomer units are arranged in such a way that the monomers alternate along the polymer 

chain.[8, 20, 21] Block copolymers are composed of connected polymeric or oligomeric 

segments built up of different monomer units.[22] Examples are diblock copolymers, 

triblock copolymers and multiblock copolymers. In graft copolymers, a comb-like 

structure is obtained by attaching (co)polymer segments to a polymer backbone at various 

places.[23-25]  

In blends of polymers the miscibility of the constituents is usually quite poor and 

macroscopic phase separation occurs, which leads to poor properties. This is due to the 

absence of (specific) interactions and large differences in solubility parameters. In 

contrast, the constituent segments in block copolymers are covalently bound, so that 

microphase-separated structures are often formed, and block copolymers often possess 

attractive properties that combine the inherent properties of the different building blocks. 

As an example, amphiphilic diblock and triblock copolymers, composed of hydrophobic 

and hydrophilic segments, can be prepared and used as degradable polymeric matrices to 

form nanoparticles,[12, 26, 27] micelles,[28, 29] and hydrogels[24, 30-32] for controlled drug 

delivery applications. To form these amphiphilic block copolymers, poly(ethylene glycol) 

(PEG) is often selected as the hydrophilic segment, as it is non-toxic, non-immunogenic 

and soluble in both organic and aqueous media. PEG polymers with molecular weight 

values below approximately 50×103 g/mol can be excreted through the kidney.[33]  

In nanoparticles and micelles from amphiphilic block copolymers containing PEG, the 

PEG chains form shells that stabilize the particles in aqueous environments. Moreover, 

the in vivo circulation half-life time of nanoparticles made of PEG-block-poly(lactide-co-

glycolide) (PEG-PLGA) is much longer than that of PLGA nanoparticles.[34] The 

hydrophilic PEG shell minimizes protein adsorption (opsonization) and suppresses the 

recognition of such particles by the reticuloendothelial system.  
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An important class of phase-separated block copolymers is that of multiblock 

copolymers containing alternating soft- and hard segments. Often a hard phase (with a 

high melting temperature or glass transition temperature) dispersed in a continuous soft 

phase (with a glass transition temperature below room temperature) can be distinguished. 

These hard segments form physical cross-links rendering strength and toughness to a 

flexible and elastic thermoplastic elastomeric material (TPE).[35] 

Well-known examples of multiblock copolymers are segmented poly(urethane)s. 

Building blocks of segmented poly(urethane)s include diisocyanates, polyols, and chain 

extenders. Usually the hard segment originates from the diisocyanate and chain extender 

molecules, and the soft segment contains the polyol moiety. A general structure of a 

poly(urethane) is shown in Figure 2. 
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Figure 2. General structure of a segmented poly(urethane) prepared from diisocyanate, OCN-R-

NCO; chain extender, HO-R’-OH; and polyol building blocks. 

 

Potentially biodegradable poly(urethane)s can be obtained when the employed soft 

polyol and hard urethane containing segments are degradable. As an example, aliphatic 

poly(ester urethane)s containing random 50/50 ε-caprolactone/L-lactide copolymer 

segments, 1,4-butanediol and 1,4-butanediisocyanate were synthesized and used to 

prepare porous structures for meniscus reconstruction.[36] In biomedical applications, the 

use of 1,4-butanediisocyanate is advantageous as upon degradation of the poly(urethane), 

non-toxic 1,4-butanediamine (putrescine) is formed. This compound is involved in cell 

growth and differentiation processes.[37] Besides these segmented poly(urethane)s, 

poly(ether ester)s based on PEG and poly(butylene terephthalate) (PBT) (PEOT/PBT)) 

have been prepared and investigated for their use in medical field. These materials are 

composed of phase-separated soft PEOT and hard PBT domains.[38, 39]  

These multiblock copolymers are thermoplastic elastomers. Their thermal, mechanical, 

and degradation properties can be adjusted within wide ranges by varying their chemical 
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structure and composition. These materials have been used as elastomeric implants and 

employed in the fabrication of porous scaffolds for tissue engineering.[36, 40-42] 

 

 

BIODEGRADABLE POLYESTERS SYNTHESIZED BY RING-OPENING 

POLYMERIZATION 

 

Ring-opening polymerization  

 

In the past years, biodegradable aliphatic polyesters, such as poly(lactide) (poly(lactic 

acid), PLA), poly(glycolide) (poly(glycolic acid), PGA), poly(ε-caprolactone) (PCL), and 

their copolymers, have attracted much attention (for reviews see references [12, 43, 44]).  

Although polyesters can be synthesized by polycondensation of hydroxyl acids such as 

lactic acid,[45] it is difficult to achieve high molecular weights and control the molecular 

weight, molecular weight distribution, and architecture of the polymer. In most cases, 

biodegradable polyesters are synthesized by ring-opening polymerization (ROP) of cyclic 

esters. Figure 3 shows structures of some of the cyclic esters that are often used. 

 

O

O
CH3

CH3

O

O

O

O

O

O

O

O

lactide glycolide ε-caprolactone

*

*

 
 

Figure 3. Structures of cyclic esters used in ring-opening polymerizations. Lactide has two 

optically active carbon atoms in the ring. 

  

ROP of cyclic esters proceeds through cationic polymerization,[46] anionic 

polymerization[47] or coordination-insertion reactions.[48-50] The coordination-insertion 

reactions are often initiated by metal alkoxides, which contain a covalent metal-oxygen 

bond and have a weak Lewis acid character. The propagation proceeds by coordination of 

the monomer to the metal alkoxide, followed by insertion of the monomer into the metal-

oxygen bond. Figure 4 shows a scheme of the propagation step of this mechanism. It 
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should be noted that the growing chains contain a metal-oxygen bond during the 

propagation, i.e., they remain active.[51] 
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Figure 4. Scheme illustrating the propagation step of ring-opening polymerization via a 

coordination-insertion mechanism. 

 

 Tin (II) 2-ethylhexanoate (stannous octoate or SnOct2) is the most often used catalyst 

for the ROP of cyclic esters. SnOct2 is a highly active catalyst that is soluble in the 

monomer melts, allowing the ROP to be performed in bulk. Although there is some 

concern about the cytotoxicity of SnOct2, the American Food and Drug Administration 

(FDA) has approved many degradable implants in which the polymers have been 

prepared using small amounts of this catalyst. 

The mechanism of the ROP process using SnOct2 as a catalyst has been studied in depth 

by Penczek et al. and Kricheldorf et al..[48-50, 52] For the ROP of L-lactide and ε-

caprolactone (ε-CL), Penczek proposed the following mechanism: first, a tin-alkoxide 

bond is formed via a reversible reaction between SnOct2 and a compound containing a 

hydroxyl group (Figure 5a). The monomer is then coordinated to and inserted into the 

formed tin-alkoxide bond. Subsequent coordination and insertion of a next monomer then 

propagates the polymerization (Figure 5b). Chain transfer reactions between the growing 

polymer chains (in which the tin-alkoxide bonds are still present) and compounds 

containing hydroxyl groups can also occur, leading to an increase in the molecular weight 

distribution (Figure 5c). 
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Figure 5. Ring-opening polymerization of cyclic esters using stannous octoate (SnOct2) as a 

catalyst: (a) formation of a tin-alkoxide bond by reaction of an alcohol with SnOct2; (b) 

propagation by monomer coordination and insertion; (c) chain transfer reaction. 

 

The compounds containing hydroxyl groups (ROH in Figure 5) can be very small 

amounts of impurities present in the monomer, catalyst or reaction environment. If 

stringent purification and reaction conditions are applied, very high molecular weight 

polyesters (such as PLA with Mn of 310×103 g/mol) can be synthesized.[53] These 

compounds, and other active hydroxyl containing species, could also be added on purpose 

to control molecular weight, composition and architecture of the polymer that is to be 

synthesized.[54] When e.g. monomethoxy-PEG (mPEG) or a PEG-diol is used together 

with SnOct2, the corresponding diblock or triblock copolymers of PEG and polyesters can 

be synthesized.[30, 55] 

 

 

LACTIDES AND POLY(LACTIDE)S 

 

Of the polyesters used in medical applications, PLA has received special interest due to 

the presence of asymmetrical carbon atoms in the lactide monomers. Lactide compounds 

exist in three different stereoisomeric forms; D-(R-) lactide (DLA), L-(S-) lactide (LLA), 

and meso-lactide. It should be noted that the term D,L-lactide (DLLA) is often used, 

which refers to an equimolar racemic mixture of DLA and LLA isomers. The structures 

of these different compounds are given in Figure 6.  
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Figure 6. Structures of lactide stereoisomers. D,L-lactide is an equimolar racemic mixture of 

LLA and DLA. 

  

In the ROP with SnOct2, the asymmetric carbon atoms in the lactide monomers can 

retain their conformation. Therefore, PLA polymers with different stereo-regularities 

(isotactic poly(LLA) (PLLA), poly(DLA) (PDLA), and atactic poly(DLLA) (PDLLA)) 

can be prepared. (Using stereo-selective catalysts, stereo-regular poly(lactide) polymers 

can be prepared from meso-lactide[20] and racemic DLLA.[56-58]) 

PLLA and PDLA are semi-crystalline polymers with a glass transition temperature (Tg) 

of approximately 60 oC, and a peak melting temperature (Tm) of approximately 180 oC. 

PDLLA is amorphous with a Tg of approximately 55 oC. Both semi-crystalline PLLA and 

amorphous PDLLA polymers are rigid materials. Their Young’s modulus and stress at 

break (σbreak) values are close to, respectively, 3.5 GPa and 65 MPa. However, these 

polymers are relatively brittle with an elongation at break (εbreak) less than 6%.[18, 59-62]  

Both polymers degrade by hydrolysis, in which naturally existing lactic acid is formed. 

Degradation of the polymers starts with water uptake, followed by random cleavage of 

the ester bonds in the polymer chain. The degradation is throughout the bulk of the 

material.[63-68] Upon degradation, the number of carboxylic end groups increases, which 

leads to a decrease in pH and autocatalytic degradation.[67, 69] During the degradation of 

semi-crystalline PLLA, crystallinity of the residual material increases as hydrolysis 

preferentially takes place in the amorphous domains.[65] In general, the rate of 

degradation and erosion of amorphous PDLLA is faster than that of PLLA.[67]  

 

Stereocomplexation of the enantiomeric PLLA and PDLA  

 

Ikada et al. were the first to report on the stereocomplexation of enantiomeric PLLA 

and PDLA polymers during co-precipitation of mixed polymer solutions in non-

solvents.[70] Since then, they have carried out many studies on this subject. They have 
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shown that stereocomplexation of PLLA and PDLA can take place in dilute and 

concentrated solutions, during solvent evaporation and spinning, and during annealing of 

their mixtures prepared in the melt.[71-78] Other groups have also reported the formation 

of poly(lactide) stereocomplexes. Interesting is the formation of stereocomplexes in 

stereo-block copolymers of L-lactide and D-lactide,[79] during polymerization of L-

lactide in the presence of PDLA,[80] and upon hydrolytic degradation of PDLLA.[81] 

Upon stereocomplexation, the melting temperature of the poly(lactide) stereocomplexes 

is approximately 230 oC, this temperature is 50 oC higher than that of the enantiomeric 

PLLA and PDLA polymers. The crystalline structure and the chain packing in the unit 

cell of poly(lactide) stereocomplexes are different from that of either PLLA or PDLA. 

PLLA and PDLA chains crystallize in a pseudo-orthorhombic unit cell with dimensions: 

a=1.06 nm, b=0.61 nm, and c=2.88 nm in a 103 helical conformation.[82, 83] The 

stereocomplex crystallizes in a triclinic unit cell with dimensions: a=0.92 nm, b=0.92 nm, 

c=0.87 nm, and parallel PLLA and PDLA chains pack in pairs in a 31 helical 

conformation.[84, 85] 

Stereocomplexation influences the mechanical properties of poly(lactide) films.[86] 

When stereocomplexes were formed from PLLA and PDLA with molecular weights of 

100×103 to 1000×103 g/mol, their films showed much increased values of Young’s 

modulus, stress at break and elongation at break, as compared to films prepared from the 

enantiomeric polymers. This is likely due to higher nucleation densities and the presence 

of more and smaller spherulites in the films of stereocomplexes. 

PLLA and PDLA segments in block copolymers form stereocomplexes as well. 

Examples are stereocomplexation of enantiomeric diblock PCL-PLA copolymers,[87] and 

of enantiomeric triblock PLA-PEG-PLA copolymers.[88]   

Under hydrolytic degradation conditions, the degradation rate of 50 µm-thick films of 

stereocomplexes of high molecular weight PLLA and PDLA was found to be much lower 

than that of the enantiomeric PLLA and PDLA homopolymers. From the decrease in 

polymer molecular weights, the estimated values of the hydrolytic rate constant (k) for the 

stereocomplex specimens (0.73×10−3 day−1) were significantly lower than those found for 

the PLLA (1.41×10−3 day−1) and PDLA specimens (2.14×10−3 day−1). The decrease in 

tensile strength of PLLA and PDLA specimens started after 4 months of degradation, 

whereas the stereocomplex specimens retained their tensile strength until 16 months. At 
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30 months, the mass loss of PLLA and PDLA specimens was respectively 24 wt% and 38 

wt%, whereas the mass loss of films of stereocomplexes was only 2 wt%.[89]  

In graft copolymers poly(2-hydroxyethyl methacrylate-g-oligo(lactide) (poly(HEMA-g-

OLA)[23]  and dextran-g-oligo(lactide)[90, 91] and in triblock copolymers poly(lactide)-

poly(sebacic acid)-poly(lactide),[92] stereocomplexation between the enantiomeric LLA 

and DLA segments also occurs. In these copolymers, the molecular weights of lactide 

segments ranged between approximately 500 to 2500 g/mol. These enantiomeric 

copolymers and their stereocomplexes were degradable. Stereocomplexation between the 

enantiomeric PLLA and PDLA segments also decreased the hydrolytic degradation rates.  

 

Stereocomplexation-induced gelation of amphiphilic block copolymers in aqueous media 

 

Stereocomplexation of PLLA and PDLA oligomers grafted onto dextran can lead to 

formation of physically crosslinked hydrogels in aqueous media.[90, 91] This gelation 

strategy has been employed to prepare injectable systems for the controlled delivery of 

human interleukin-2. Upon combining the drug-containing aqueous solutions of 

enantiomeric dextran-g-oligo(lactide) copolymers, the mixture can be injected. The drug-

releasing hydrogel then forms in situ.[93] Also, hydrogels based on poly(lactide)  

stereocomplexes can be formed by mixing aqueous solutions of amphiphilic PLLA-PEG-

PLLA and PDLA-PEG-PDLA triblock copolymers.[94-96]  

  

 

POLY(TRIMETHYLENE CARBONATE) (PTMC) 

 

Compared to the relatively rigid polyesters based on glycolide and lactides, materials 

with a lower modulus might have advantageous properties for medical applications in soft 

tissues.[97] In the last years, increasing attention has been devoted to the development of 

biodegradable materials that are flexible and elastic. Several types of such elastomers 

have been developed. Examples are networks prepared from glycerol and sebacic acid[97] 

and polyhydroxyalkanoates.[98] Biodegradable networks have also been obtained by 

(photo)curing acrylate end-capped or fumarate end-capped prepolymers e.g. low 

molecular weight PEG and random copolymers of DLLA, ε-CL, or TMC.[99-101] 
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PTMC is flexible, biodegradable and biocompatible, showing attractive surface erosion 

behavior in vivo. Recently, we developed high molecular weight, TMC-based random 

copolymers with DLLA and ε-CL. The use of these polymers has been proposed in the 

engineering of soft tissues.[102] Until now, TMC-based polymers have not been widely 

used in medical applications, although the monomer is well known for its use in 

copolymers of glycolide and TMC to prepare sutures. The degradation behavior of 

PTMC, the preparation of PTMC-based block copolymers and their medical applications 

as porous structures for tissue engineering and drug releasing matrices are the main topics 

of this thesis. 

  

Synthesis of PTMC 

 

PTMC is synthesized by ring-opening polymerization of TMC monomer. This 

monomer is a cyclic carbonate prepared by condensation of diethylene carbonate and 1,3-

propanediol.[103] Carothers was the first to synthesize low molecular weight PTMC 

polymer (molecular weight of approximately 4×103 g/mol) using anhydrous potassium 

carbonate as a catalyst.[103] PTMC polymers with higher molecular weights were later 

synthesized via cationic polymerizations[104-106] and coordination-insertion 

reactions.[107, 108] Figure 7 illustrates the ring-opening polymerization of TMC. 

 

O O

O

O O *

O

 *

TMC PTMC  
 

Figure 7. Ring-opening polymerization of trimethylene carbonate (TMC). 

 

In analogy to the synthesis of polyesters from lactides, SnOct2 is also an effective 

catalyst for the ring-opening polymerization of TMC. Using SnOct2, very high molecular 

weight PTMC (Mn of 340×103 g/mol) has been prepared by carrying out the 

polymerization in bulk.[17, 18] By addition of pre-determined amounts of hydroxyl group-

containing initiators to the reactants, the molecular weight and architecture of the 

resulting polymers can be controlled.[11, 101, 108, 109]  
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Besides SnOct2, other catalyst and initiator systems, such as metal complexes 

containing Sn, Al, Sm, Y, and Sc, have been used to prepare PTMC polymers.[110-114] 

PTMC can also be synthesized by enzymatic ring-opening polymerization of TMC using 

lipase as a catalyst. Several different lipases, including Novozym-435 from Candida 

antarctica, lipase from Pseudomonas species and porcine pancreas lipase, have been 

used.  PTMC polymers with number average molecular weights ranging from 800 g/mol 

to 87×103 g/mol were obtained.[115-117]  

 

Physical properties of PTMC 

 

PTMC polymers with molecular weights higher than approximately 30×103 g/mol are 

amorphous materials. Their glass transition temperatures range between –17 and –20 oC; 

the polymers are in the rubbery state at room temperature and under physiological 

conditions.[11, 17, 18] PTMC polymers with relatively low molecular weights 

(approximately 4×103 to 25×103 g/mol) are semi-crystalline with a melting temperature of 

36 oC, which is close to body temperature.[103, 118] At room temperature these low 

molecular weight polymers are gummy materials, flowing irreversibly at low stresses. 

PTMC oligomers of even lower molecular weights are viscous liquids.  

The mechanical properties of PTMC polymers of different molecular weights (Mn 

values between 53×103 and 337×103 g/mol) have been evaluated by tensile testing.[109] 

At room temperature the Young’s modulus (E-modulus) varies between 3.0 and 6.8 MPa, 

and the yield stress (σyield) between 0.5 and 2.3 MPa. When the molecular weight of 

PTMC was higher than 94×103 g/mol, the elongation at break (εbreak) of PTMC is in 

excess of 800%. Interestingly, these PTMC specimens showed strain-induced 

crystallization upon elongation. The peak melting temperatures of the semi-crystalline 

materials ranged between 30 oC and 50 oC.[109, 119]  

The tensile properties of high molecular weight PTMC, PCL and PDLLA are listed in 

Table 1. In comparison to PCL and PDLLA, the values of the modulus and yield stress of 

PTMC are significantly lower. The elongation at yield and elongation at break are higher. 
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Table 1. Tensile properties of compression-molded, high molecular weight PTMC, PCL and 

PDLLA specimens.[17, 18] (The values of the E-Modulus are only an indication for the stiffness 

of the different materials, as they were determined without extensometers.) 

 

Mn E-modulus σyield εyield σbreak εbreak Polymer 
(103 g/mol) (MPa) (Mpa) (%) (MPa) (%) 

PTMC 290 6.3 2.3 128 12 830 
PCL 134 318 14 12 32 754 
PDLLA 291 1900 53 6 52 6 

 

High molecular weight PTMC is a hydrophobic polymer; the static water contact angle 

is approximately 74o and the equilibrium water uptake in phosphate buffered saline (PBS, 

pH = 7.4) is approximately 1.3%. These values are close to those of PCL and PDLLA.[17, 

18]  
PTMC is a very good substrate for the culturing of cells. We observed excellent 

adhesion and proliferation behavior of human Schwann cells,[120] human umbilical vein 

endothelial cells, and rat cardiomyocytes[19] on the surface of high molecular weight 

PTMC polymers.    

PTMC can readily be processed by solvent casting methods. PTMC tubes can be 

prepared by dip-coating glass mandrels in chloroform solutions of the polymer. After 

immersion in cold ethanol, the PTMC coating can be readily removed from the glass 

mandrels. Compression-molding techniques are quite suitable as well, and the molecular 

weight and molecular weight distribution do not change significantly as a result of the 

molding process. However, it is difficult to process high molecular weight PTMC 

polymers by injection molding or melt-spinning due to the very high viscosity of the 

melts of high molecular weight PTMC. Well-defined, interconnected PTMC porous 

scaffolds can be prepared by a method combining co-precipitation, compression molding 

and salt leaching.[19, 121] 

 

Surface erosion behavior of PTMC 

 

PTMC degrades very slowly in vitro by hydrolysis of the carbonate linkages.[6, 122] The 

polymer is stable in buffered solutions of pH values ranging from 1.0 to 13.0.[11] 

Contrary to the slow degradation in vitro, the degradation of high molecular weight 
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PTMC (Mn = 320×103 g/mol) in vivo in the back of rats was strikingly fast. After 

implantation, the mass of 600-µm thick PTMC samples decreased linearly in time and 

degradation was nearly complete in 3 wks. The specimen dimensions changed 

accordingly, while the molecular weight remained constant; this suggests that degradation 

in vivo had occurred by an enzymatic surface erosion process.[123] In Chapters 3 and 4 of 

this thesis, the enzymatic surface erosion behavior of PTMC is studied in detail. 

 

 

 

TMC-BASED COPOLYMERS  

 

TMC-based random copolymers 

 

Random (statistical) TMC copolymers with cyclic esters such as lactides,[18, 59, 63, 124-

126] glycolide[127] and ε-CL[17, 128-132] have been synthesized via ring-opening 

polymerizations of the monomer mixtures. In the prepared copolymers, the composition 

and average chain length of the monomer units can be tuned by adjusting the monomer 

ratios in the feed. Also, the enzymatic ring-opening polymerizations of TMC, together 

with lactide[133] and pentadecalactone,[134] were carried out using porcine pancreas 

lipase and Novozym-435 from Candida antarctica, respectively. Random copolymers 

were formed.  

Copolymerization allows tuning of the thermal and mechanical properties of TMC-

based materials. The melting temperature and crystallinity of poly(TMC-co-LLA)[126] 

and poly(TMC-co-ε-CL)[17], decreased with an increase in TMC content. For amorphous 

poly(TMC-co-DLLA) polymers, the glass transition temperature of the random 

copolymers decreased with an increase in TMC content.[18] Compared to PCL or PDLLA 

homopolymer, the corresponding poly(TMC-co-ε-CL) or poly(TMC-co-DLLA) 

copolymers have significantly lower Young’s modulus and stress at yield and at break, 

the elongation at break is higher.  

Degradation experiments of TMC copolymers show that in PBS solutions (pH = 7.4), 

the degradation of poly(TMC-co-ε-CL) and of poly(TMC-co-DLLA) could be described 

by preferential hydrolysis of ester bonds throughout the bulk of the materials. These 

reactions are autocatalyzed by the generated acidic end groups.[122] Interestingly, the in 
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vivo degradation of poly(TMC-co-DLLA) (48:52 mol%) and of poly(TMC-co-ε-CL) 

(11:89 mol%) specimens implanted in the back of rats was slower than that of PTMC 

homopolymer. As opposed to the surface erosion of PTMC, these copolymers degraded 

throughout the bulk in vivo. The in vitro and in vivo degradation patterns of these TMC 

copolymers were similar, suggesting that a possible contribution of enzyme activity is 

suppressed by incorporating ester groups in the main chain.[123] 

For the preparation of implantable devices with a high impact strength, poly(TMC-co-ε-

CL) random copolymers have been blended with poly(lactide).[130, 131] Poly(TMC-co-ε-

CL) copolymers have also been used to prepare degradable nerve guides.[128, 129] 

Poly(TMC-co-DLLA) random copolymers were used to prepare porous structures for 

heart tissue engineering applications.[19]  

 

PTMC-based block copolymers  

 

Block copolymers, composed of PTMC soft blocks and polyester rigid blocks, are 

expected to have microphase-separated morphology, allowing the preparation of 

thermoplastic elastomers. As an example, diblock and triblock copolymers, composed of 

PGA segments and PTMC (inner) segments, were synthesized via sequential 

polymerization of the monomers, yielding semi-crystalline, fiber-forming materials. 

These block copolymers were used in the preparation of degradable sutures[135] and 

commercialized under the trade name Maxon®. 

Other diblock and triblock copolymers comprised of PTMC segments and PLLA and 

PCL segments have also been prepared via sequential polymerizations.[53, 114, 136-138] 

Multiblock copolymers were prepared by chain extension reactions of PLLA-PTMC-

PLLA triblock copolymers.[139-141]  

Amphiphilic diblock copolymers based on poly(2-ethyl-2-oxazoline) (PEtOz) and 

PTMC (PEtOz-PTMC) were synthesized and used to form micellar-like nanoparticles. 

When mixed with poly(methacrylic acid) or poly(acrylic acid), the formation of hydrogen 

bonds between the PEtOz blocks in the block copolymers and the acidic compounds 

could be observed at pH<3.6, leading to precipitation of a polymer complex. At pH>3.9, 

this complex could be redispersed, forming micelles again.[32] This process is reversible. 

Amphiphilic PTMC-PEG-PTMC triblock copolymers can be easily synthesized using 

PEG-diol in the ring-opening polymerizations of TMC.[142-144] Micellar-like 
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nanoparticles[144] and films[143] have been prepared from these block copolymers. Model 

drugs were loaded into these systems, and sustained release of these compounds from 

these systems in vitro was observed.  
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ABSTRACT 

 

The in vivo and in vitro degradation behavior of poly(trimethylene carbonate) (PTMC) 

polymers with number average molecular weights of 69×103, 89×103, 291×103 and 457×103 

g/mol (respectively abbreviated as PTMC69, PTMC89, PTMC291 and PTMC457) was 

investigated in detail. PTMC rods (3 mm in diameter and 4 mm in length) implanted in the 

femur and tibia of rabbits degraded by surface erosion. The mass loss of high molecular 

weight PTMC457 specimens was 60 wt% in 8 wks, whereas the mass loss of the lower 

molecular weight PTMC89 specimens in the same period was 3 times lower. PTMC discs of 

different molecular weights immersed in lipase solutions (lipase from Thermomyces 

Lanuginosus) degraded by surface erosion as well. The mass and thickness of high molecular 
                                                 
* Biomaterials, in press (2005) 
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weight PTMC291 discs decreased linearly in time with an erosion rate of 6.7 µm/d. The 

erosion rate of the lower molecular weight PTMC69 specimens was only 1.4 µm/d. It is 

suggested that the more hydrophilic surface of the PTMC69 specimens prevents the enzyme 

from acquiring a (hyper)active conformation. When PTMC discs were immersed in media 

varying in pH from 1 to 13, the non-enzymatic hydrolysis was extremely slow for both the 

high and low molecular weight samples. It can be concluded that enzymatic degradation 

plays an important role in the surface erosion of PTMC in vivo.  

 

 

INTRODUCTION 

 

Flexible, high molecular weight poly(trimethylene carbonate) (PTMC) and its copolymers 

with ε-caprolactone and D,L-lactide are biodegradable materials, which are useful for soft 

tissue engineering applications.[1-4] In controlled drug delivery applications, also relatively 

low molecular weight (e.g. Mn values below 70×103 g/mol) PTMC and its block copolymers 

with poly(ethylene glycol) are suitable.[5-7] In contrast to delivery systems based on lactic 

acid and glycolic acid polymers, detrimental acidic compounds are not released upon 

degradation of PTMC.[8]   

Interestingly, we found that high molecular weight PTMC (Mn=316×103 g/mol) did not 

degrade in phosphate buffered saline (pH=7.4) within a period of 2 yrs,[9] whereas after 

subcutaneous implantation of the discs (10 mm in diameter and 600 µm in thickness) in the 

back of rats rapid degradation took place. The decrease in mass was linear in time, and nearly 

complete at 3 wks. Specimen dimensions changed accordingly, while the molecular weight 

remained constant; this implies that degradation in vivo had occurred by a surface erosion 

process.[10] 

Other groups have also studied the degradation of PTMC in vivo, but contradictory results 

were reported. In one case, the mass loss of PTMC discs (11 mm in diameter and 2 mm in 

thickness) with a relatively low molecular weight (Mn=19×103 g/mol) was 21 wt% after 

subcutaneous implantation in rats for 180 d. At this time point, the molecular weight of 

polymer extracted from the surface layer of the specimen was found to be lower than that in 
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the bulk.[11] In another case, Albertsson and Eklund briefly mentioned that after implantation 

of PTMC discs with Mn=75×103 g/mol in rats for 180 d, no change in molecular weight, 

molecular weight distribution, and mass had occurred.[8] In our experiments PTMC of very 

high molecular weight (Mn=316×103 g/mol) was employed, and the rates of degradation and 

mass loss were much higher.[10] It seems that the polymer molecular weight has an important 

effect on the degradation of the PTMC implants in vivo.  

Studies in which poly(ethylene carbonate) (PEC) discs (5 mm in diameter, 25 mg) were 

subcutaneously implanted in rats showed that PEC discs with Mw in excess of 130×103 g/mol 

were eroded in 30 d. The surface erosion rates of PEC discs with Mw values less than 

100×103 g/mol were significantly lower than those of the higher molecular weight 

specimens.[12] Radical, anionic superoxide species, released by inflammatory cells, seem to 

be involved in the degradation of PEC,[13, 14] although this has not been confirmed for 

PTMC or poly(tetramethylene carbonate).[15] 

The very rapid surface erosion of PTMC in vivo[10] and its stability under hydrolytic 

conditions in vitro[8, 9] suggest that enzymes may be involved in the degradation process. 

Enzymatic in vitro degradation of PTMC has previously been investigated: PTMC (with Mn 

ranging between 3 and 48×103 g/mol) dissolved in organic solvents at 70oC was converted to 

TMC monomer, linear- and cyclic oligomers and small amounts of 1,3-propane diol by 

immobilized lipase from Candida Antarctica.[16] Yasuda et al. reported that lipoprotein 

lipase from Pseudomonas sp. degraded solid PTMC films (Mn=39×103 g/mol, 5×5 mm2).[17, 

18] The mass loss in 10 d varied between approximately 7 wt%[17] and 22 wt%.[18] 

Besides enzymatic activity, the pH of the specific environment may also contribute to the 

degradation process of PTMC in vivo. We observed extensive phagocytosis of PTMC upon 

subcutaneous implantation of the polymer in rats.[10] In this process polymer is taken up into 

phagosomes, which fuse with lysosomes. The internal environment of lysosomes has a pH 

value of 4.5-5.5.[19] Although the acidic environment in lysosomes is important for the 

enzymatic degradation of biomacromolecules by acid hydrolases,[20] the low pH by itself 

may accelerate the non-enzymatic hydrolysis of polymers. It should also be noted that the 

contact area between macrophages or foreign-body giant cells and polymeric implants could 
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be highly acidic (pH=3.6) as well.[21, 22] The effect of the pH of the degradation medium on 

the non-enzymatic hydrolysis of PTMC has not yet been reported.  

In this study, we implanted PTMC rods of different molecular weights in the femur and 

tibia of rabbits and investigated the surface erosion characteristics of the polymer. To support 

the hypothesis that enzymatic activity has a substantial contribution to the surface erosion of 

PTMC in vivo, we also investigated the degradation of PTMC specimens of different 

molecular weights in vitro in lipase solutions and in (non-enzymatic) degradation media 

varying in pH from 1 to 13.  

 

 

MATERIALS AND METHODS 

 

Materials 

 

Polymer grade 1,3-trimethylene carbonate (TMC) was purchased from Boehringer Ingelheim 

(Germany). Stannous octoate (SnOct2) and lipase from Thermomyces Lanuginosus (EC3.1.1.3., 

minimum 50000 units/g) were purchased from Sigma (St. Louis, USA) and used as received. Buffer 

solutions (citric acid/sodium hydroxide/hydrogen chloride, pH=4.0; and boric acid/potassium 

chloride/sodium hydroxide, pH=10.0) and 1-hexanol were purchased from Merck (Germany). 1-

Hexanol was distilled over CaH2 (Acros, Belgium) before use. Strong acidic (pH=1.0) and basic 

(pH=13.0) solutions were prepared from fuming HCl (Merck) and NaOH (Acros). The water used 

was deionized using a Milli-Q water purification system (Millipore, France).  

 

Polymer synthesis and characterization 

 

High molecular weight poly(trimethylene carbonate) (PTMC) was synthesized in dried, freshly 

silanized (Serva solution, Boehringer Ingelheim, Germany) glass ampoules. The ampoules were 

purged with dry argon, charged with monomer and catalyst (2×10−4 mol SnOct2 per mol TMC), and 

heat-sealed under vacuum. The polymerizations were conducted at 130±1 °C for 3 d. To obtain 

PTMC with a relatively low molecular weight, 1-hexanol was added as initiator (2×10−3 mol 1-

hexanol per mol TMC). The polymers were purified by precipitating their chloroform solutions into 

hexane, dried and characterized as previously described.[23] In short the residual monomer content 
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was determined by proton nuclear magnetic resonance (1H-NMR) spectroscopy (300 MHz, Varian 

Inova, USA). Number average (Mn) and weight average (Mw) molecular weights, molecular weight 

distribution (Mw/Mn) and intrinsic viscosity ([η], in chloroform) of the polymer specimens were 

determined by gel permeation chromatography (GPC). Glass transition temperatures (Tg) were 

determined by differential scanning calorimetry (DSC, Perkin Elmer, Pyris 1, at a scan rate of 10 
oC/min).  

The water contact angles of the different PTMC polymers were determined using thin films spin-

coated from chloroform on glass slides. A contact angle-measuring instrument (Krüss, Germany) 

equipped with a video measuring system was used to determine static, advancing and receding 

contact angles of sessile drops (each based on 6 different films) at room temperature. 

For implantation studies, cylindrical PTMC implants were prepared by introducing clean and dry 

Teflon tubes with an inner diameter of 3 mm into the polymerization ampoules. After de-gassing, the 

polymerizations were performed under the same conditions as described above. After polymerization, 

the PTMC rods could easily be taken out of the Teflon tubes. The rods were cut to 4 mm in length 

and implanted without removal of residual monomer. 

 

In vivo degradation experiments  

 

Pre-weighed PTMC rods (4 mm long, 3 mm in diameter) were sterilized with a 70 vol% ethanol 

solution for 10 min, rinsed with sterile water and air-dried. Specimens with a Mn of 457×103 and of 

89×103 g/mol were implanted into the femur and tibia of 6-month-old, female New Zealand White 

rabbits. For each polymer and each explantation time point, 5 specimens were implanted. The 

committee for animal experiments of the University of Maastricht approved the animal experiment 

protocols. The experiments were conducted following national and European guidelines for animal 

experiments.  

Surgical procedures were performed under general anesthesia using strict aseptic conditions. The 

skin was opened at the medial site of the proximal tibia and the lateral site of the distal femur. The 

fascia and periosteum were carefully split and the bone was exposed. A borehole (3 mm in diameter 

and 4 mm in depth) was drilled using a low-speed drill with a cooled drill bit. The PTMC rods were 

press-fit implanted in the boreholes. The periosteum was repositioned and the wound was closed in 

layers using resorbable sutures. 

The rabbits were sacrificed at 1 wk, 2 wks, 4 wks and 8 wks after implantation. After the specimens 

were explanted and freed from the surrounding tissue, the specimen mass, dimensions and molecular 

weight were determined.    
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In vitro degradation experiments 

 

Purified polymers were compression molded in stainless steel molds using a laboratory press 

(Fonteijne THB008, the Netherlands). High molecular weight PTMC (Mn=291×103 g/mol) was 

compression molded at 140 oC to a film with a thickness of 750 µm. The lower molecular weight 

PTMC specimens (Mn=69×103 g/mol) were molded at 80 oC to a thickness of 720 µm. The 

compression-molding process had no effect on molecular weight and intrinsic viscosity of the 

polymer specimens.  

Circular specimens with a diameter of 10 mm were punched out of these films, weighed and 

conditioned in water, in buffers of pH4 and pH10, in solutions of pH1 and pH13 and in lipase 

solutions. The pH1, pH13 and lipase solutions were refreshed twice a week. The degradation 

experiments were performed in duplicate at 37 oC with gentle shaking. At regular time intervals, the 

polymer specimens were taken out from the different degradation media, blotted with a tissue and 

weighed. After that the specimens were washed with water and ethanol and dried in a vacuum oven at 

room temperature until constant weight. Changes in mass, molecular weight and intrinsic viscosity 

were then determined. The water uptake upon immersion in water was also determined. 

To specify the degradation products of the enzymatic degradation, high molecular weight PTMC 

specimens (Mn=291×103 g/mol) were incubated in the lipase solution for 5 d. After filtration, the 

aqueous phase was dialyzed for another 5 d against a 50-fold excess of water using a cellulose ester 

membrane (molecular weight cut off value of 1000, Spectrum Laboratories, USA). After evaporation 

of the water using a rotary evaporator, the composition of the water-soluble degradation products was 

analyzed by 1H-NMR.[24] 

 

 

RESULTS AND DISCUSSION 

 

Synthesis and properties of PTMC polymers  

 

A series of PTMC polymers of varying molecular weights was prepared by ring opening 

polymerization of TMC in the bulk. Table 1 shows the characteristics of the employed 

PTMC polymers as determined by 1H-NMR and GPC. The properties of PTMC316, which 

was used for subcutaneous implantation experiments in rats in our previous work,[10] are also 

included. 
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Table 1. Characteristics of synthesized PTMC polymers as determined by 1H-NMR and GPC. 

 

Residual monomer Mn  [η] Polymer a) 

wt% (103 g/mol) 

Mw/Mn  

dL/g 
PTMC69 0    (purified) 69 1.83 1.48 
PTMC89      0.7    (non-purified) b) 89 1.85 1.63 
PTMC291 0     (purified) 291 1.46 3.64 
PTMC457      0.6    (non-purified) b) 457 1.67 4.87 

 
PTMC316 

c) 0     (purified) 316 2.13 4.28 
 

a)  The subscript refers to the Mn of the polymer in 103 g/mol. 
b) Rod-shaped, non-purified PTMC specimens were used for implantation. 
c) Data from previous work.[10] 

 

Purified PTMC polymers of different molecular weight were amorphous with glass 

transition temperatures (Tg) between –17 and –20 oC, as determined by DSC. The surface 

properties of the polymers were evaluated by determining water contact angles. Water uptake 

after 1 wk and after 4 wks was also measured. The results are listed in Table 2. Static, 

advancing and receding contact angles of PTMC films spin-coated on glass were measured 

before and after conditioning in water for 1 wk. For the dry films, there was no significant 

difference in the contact angles of PTMC291 and PTMC69 films. The static contact angles are 

in good agreement with previous measurements using PTMC290 (73o)[1] and PTMC337 films 

(74o)[2]. After conditioning in water at 37 oC for 1 wk and removal of adherent water drops at 

the surface by a gentle N2 flow, the advancing and receding contact angles of the PTMC 

films were measured again. For the high molecular weight PTMC291 films the advancing and 

receding contact angles had decreased slightly, while very significant decreases were found 

for the lower molecular weight PTMC69 films.  
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Table 2. Water contact angles and water uptake of PTMC69 and PTMC291 specimens 

 

Water contact angle (o) a) Water uptake (wt%) b) 
Film before conditioning Film after conditioning  

Polymer 

static advancing receding advancing receding 
After  
1 wk 

After  
4 wks 

PTMC69 77.5±2.1 77.4±1.3 44.0±2.0 53.4±5.0 23.5±0.5 3.3±0.4 6.2±0.5 
PTMC291 75.5±1.9 75.1±2.7 44.0±1.0 72.9±3.8 39.2±1.1 2.6±0.3 3.9±1.1 

 
a) PTMC films spin-coated on glass, before and after conditioning in water for 1 wk at 37oC. 
b) Compression-molded PTMC discs; equilibrium water uptake at 37oC was reached within 4 wks. 

 

Similar results were obtained in the water uptake experiments using compression-molded 

PTMC discs. After a 1 wk-conditioning period in water, the water uptake of the relatively 

low molecular weight PTMC69 specimens was only slightly higher than that of PTMC291 

specimens. At equilibrium (reached in a time period of 4 wks) the difference in water uptake 

between the two polymers was much higher and statistically significant (see Table 2). These 

results show that after conditioning in water, (the surface of) the lower molecular weight 

PTMC69 is more hydrophilic than that of PTMC291. This can be due to a higher concentration 

of hydroxyl end groups in the PTMC69 polymer.  

 

Degradation of PTMC upon implantation in the femur and tibia of rabbits  

 

Previously we reported the rapid degradation by surface erosion of PTMC316 discs 

subcutaneously implanted in the back of rats.[10] Now we performed experiments in which 

PTMC457 and PTMC89 rods were implanted in the femur and tibia of rabbits to investigate the 

surface erosion of PTMC in a different animal and in a different tissue. By using PTMC of 

different molecular weights, a possible effect of polymer molecular weight on the 

degradation behavior can be elucidated.  

After explantation, the PTMC specimens were analyzed. In all explants, no residual 

monomer could be detected by 1H-NMR. TMC is soluble in water, and the minor amounts of 

residual monomer (0.6-0.7%) initially present in the polymers had rapidly diffused out of the 

specimens. (It should be noted that very low molecular weight PTMC is also soluble in 

water: Oligomeric PTMC with an average degree of polymerization (DP) of 7.0 was prepared 
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by heating TMC at 80 oC for 3 d in the presence of a small amount of water. Extraction with 

excess water and subsequent analysis by 1H-NMR showed that besides TMC monomer, 

PTMC oligomer with an average DP of 3.7 was soluble in water. The insoluble PTMC 

fraction had an average DP of 8.6.) 
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Figure 1. Mass loss of PTMC457 and PTMC89 rods at different implantation times in the femur and 

tibia of rabbits. 

 

Figure 1 shows the mass loss of PTMC457 and PTMC89 specimens at different implantation 

times. The mass of both polymers decreased in time. Interestingly, at 8 wks, the mass loss of 

implanted PTMC457 specimens (60 wt%) was three times higher than that of PTMC89 

specimens (20 wt%). Figure 2 shows the change in Mw and Mn of PTMC specimens in time. 

Upon implantation, the values of Mw and Mn of the PTMC457 specimens seemed to decrease 

slowly in time. During the implantation period, the Mw and Mn of PTMC89 remained more or 

less constant. 
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Figure 2. Mw and Mn of PTMC457 and PTMC89 specimens implanted in the femur and in the tibia of 

rabbits for different periods of time. 

 

From Figure 1 and Figure 2, in which the loss of mass is shown to be faster than the 

decrease in molecular weight, it follows that the degradation of PTMC457 and of PTMC89 

rods in vivo was mainly due to a surface erosion process. Furthermore, the initial molecular 

weight of the PTMC specimen has a large influence on the in vivo erosion rate. The higher 

molecular weight polymer eroded significantly faster. It was noted that upon explantation 

after 1 wk the shape of the PTMC457 explants was still rod-like, although the diameter varied 

slightly along the length of the specimen. The shape of the PTMC89 explants was not 

cylindrical anymore, but highly irregular. This could be due to flow of the polymer into 

cavities within the bone as a result of the relatively low viscosity of the polymer.  

The rate of mass loss of the PTMC457 rods implanted in rabbit bone during 8 wks, as shown 

in Figure 1, can be calculated to be approximately 7.5 wt% per week. Assuming that the 

shape of PTMC457 rods remains cylindrical during erosion, the rate of erosion can then be 

estimated to be 7.7 µm/d. The rate of mass loss previously determined for PTMC316 discs 

subcutaneously implanted in rats was 33 wt% per week, which corresponds to a surface 

erosion rate of 11.0 µm/d.[10] The different animals and implantation sites (rabbit bone and 
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subcutaneous rat tissue) could result in slightly different rates of erosion of high molecular 

weight PTMC implants. 

 

Enzymatic surface erosion of PTMC291 and PTMC69 specimens in lipase solutions 

 

As it was reported that lipase and lipoprotein lipase effectively degraded PTMC[16-18] and 

other aliphatic polycarbonates,[15, 17, 18] we used lipase from Thermomyces Lanuginosus to 

evaluate the enzymatic degradation of PTMC in vitro. Figure 3 shows the mass loss of 

compression-molded PTMC291 and PTMC69 specimens conditioned in lipase solutions for 

different time periods. 
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Figure 3. Mass loss of PTMC291 and PTMC69 specimens conditioned in lipase solutions at 37 oC for 

different time periods. 

 

High molecular weight PTMC291 showed rapid mass loss in time. Up to 40 d the mass loss 

profile was linear and at this time point 86% of the weight had been lost. After 60 d the 

specimens were completely eroded. The molecular weight remained unchanged up to 24 d.  

GPC experiments on specimens recovered at 40 d showed a bimodal molecular weight 
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distribution, as previously observed in the end phase of subcutaneous degradation of 

PTMC316.[10] The number average molecular weights could only be determined relative to 

poly(styrene) due to the inability to determine the intrinsic viscosity of the very low 

molecular weight fraction and were found to be 799×103 and 4.1×103 g/mol, respectively. At 

54 d a bimodal molecular weight distribution was also observed, with respective number 

average molecular weights of 867×103 and 5.2×103 g/mol relative to poly(styrene). A 

bimodal distribution can only be observed at the end stage of the erosion process, when the 

oligomers formed at the surface contribute significantly to the total mass of the specimen. 

In a separate experiment, PTMC291 specimens were subjected to enzymatic degradation for 

5 d. After dialysis of the aqueous phase and evaporation of the water, 1H-NMR[24] showed 

that the soluble degradation products were: 1,3-propane diol (27.2 mol%), oligomeric PTMC 

with an average DP of 2.9 (64.9 mol%) and a small amount of TMC monomer (7.9 mol%). 

This suggests that the enzymatic degradation is at random along the polymer chain. 

In parallel to the in vivo experiments, the rate of mass loss of the lower molecular weight 

PTMC69 specimens was significantly lower, reaching only 26 wt% in 20 wks. The molecular 

weight of the specimens remained constant during the whole time period. Both the high 

molecular weight PTMC291 and the lower molecular weight PTMC69 degraded by surface 

erosion, since significant loss of mass occurred while the molecular weight remained 

constant. As will be shown later in this paper, this surface erosion was due to enzymatic 

activity since hydrolysis of PTMC was negligible in the absence of lipase. 

After retrieval of the specimens from the lipase solutions, major differences in the 

appearance of PTMC291 and PTMC69 specimens were observed. After incubating the 

specimens in the lipase solution at 37oC for up to 40 d, the shape of the high molecular 

weight PTMC291 discs had not changed appreciably, and the diameter of the specimens 

remained more or less constant.  The thickness of the discs decreased in time, and the surface 

became rougher (Figure 4A). The appearance of PTMC69 specimens was very different 

(Figure 4B). The shape of these relatively low molecular weight specimens changed from a 

disc to an oblate sphere within 3 wks. This change in shape had also occurred during in vivo 

degradation of PTMC specimens with an Mn of 19×103 g/mol[11]. Due to the low molecular 

weight of PTMC69, viscous flow can occur; the relative hydrophobicity of the polymer will 

then lead to a spherical structure in the solution. When PTMC69 specimens were conditioned 



The in vivo and in vitro degradation behavior of PTMC 

 41 

at 37 oC in water in the absence of lipase, comparable changes in shape were observed, but 

up to 8 wks mass loss was negligible. 

 

 
 
Figure 4. PTMC291 specimens (A) and PTMC69 specimens (B) at different times of enzymatic 

degradation in lipase solutions. The initial diameter of the specimens was 10 mm. 

 

 

 

 

 

Figure 5. Schematic illustration of changes in shape and volume of PTMC291 and PTMC69 specimens 

in lipase solutions in time. The letters a and c correspond to the equatorial and polar radii of the 

oblate spheres, from which the surface area and volume of the specimens can be calculated.[25] 

 

Figure 5 schematically illustrates the change in shape and volume of PTMC291 and PTMC69 

specimens undergoing degradation in lipase solutions in time. Because the shape of PTMC291 
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did not change in time, the in vitro enzymatic surface erosion rates in lipase solutions can 

directly be calculated from changes in thickness of the discs. Figure 6 shows the mass loss 

and the relative thickness of the dried high molecular weight PTMC291 discs (initial thickness 

750 µm) which were conditioned in the lipase solutions for different periods of time. Up to 

40 d, the mass loss correlates well with the decrease in thickness, implying that the loss of 

mass was by erosion of the surface. From the change in thickness of the PTMC291 discs in 

time a surface erosion rate of 6.7 µm/d was calculated. This value is comparable to the 

erosion rate of PTMC457 rods in the femur and tibia of rabbits (7.7 µm/d) as described above 

and to that of PTMC316 discs subcutaneously implanted in rats (11.0 µm/d).[10] 
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Figure 6. Mass loss and relative thickness of high molecular weight PTMC291 discs conditioned in 

lipase solutions at 37 oC for different periods of time. 

 

The shape and dimensions of PTMC69 specimens changed in time. And only after a period 

of 3 wks, can the volume and surface areas of the initially disc-shaped specimens be 

calculated by treating the specimens as oblate spheres. Assuming the density of the PTMC69 

specimens remains constant (1.26 mg/mm3), the volume V can be calculated from the 

remaining mass w/w0 (wt%). The polar radius c, the ellipticity e and the surface area S of the 

oblate spheres can then be calculated.[25] Table 3 shows these values of the PTMC69 
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specimens kept in the lipase solutions for different periods of time. In time, the equatorial 

radius a decreased, while the polar radius c increased, indicating the change in shape from 

disc to sphere-like forms. The surface area of the oblate PTMC69 spheres decreased in time: 

at 3 wks the surface area was 55% of the initial surface area of the specimen (157 mm2), and 

at 20 wks it was only 39%. This decrease in surface area can lead to a reduced rate of mass 

loss. In comparison, the relatively large surface area of the high molecular weight PTMC291 

discs remained approximately constant (157 mm2) during the enzymatic surface erosion.  

 

Table 3. Changes in remaining mass w/w0 (wt%) and dimensions of PTMC69 specimens during 

degradation in lipase solutions. The initially disc-shaped specimens became sphere-like in time. See 

Figure 5 for a schematic illustration. 

 

Time (wk) w/w0 (wt%) V (mm3) a) a (mm) b) c (mm) c) e d) S (mm2) e) 
0 100 56.5 -- -- -- 157.0  
3 94.6 53.4 3.38 1.12 0.94 86.4 

12 84.7 47.8 2.94 1.32 0.89 71.9 
16 83.9 47.4 2.87 1.38 0.88 70.1 
20 74.1 41.9 2.58 1.51 0.81 61.5 

 
a)  Specimen volume, V=V0×(w/w0).  
b) The equatorial radius, a, was measured immediately after the specimens were taken out of the 

lipase solutions. 

c) Polar radius,[25] c = V × ((4/3)πa2)−1.  

d) Ellipticity,[25] )2/2(1 ace −= .  

e) Surface area,[25] ))1/()1ln(()/2(22 eeec��aS −++=   

 

The average erosion rates between 3 and 20 wks of the oblate PTMC69 spheres can be 

estimated by considering the changes in volume and dimensions in this time period. The 

volume of an oblate sphere can be calculated from the equatorial radius a and polar radius c 

according to the following equation:[25] 

caV 2

3
4 ×= π          
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Between 3 wks and 20 wks, the volume of the specimens changed from 53.3 mm3 to 41.9 

mm3. Assuming that the erosion rates in the direction of the a and c radii are equal, the 

difference (x) in the values of a and c at 20 wks and those required to give the volume at 3 

wks (53.3 mm3) corresponds to the extent of erosion. With:  

)()(
3
4 2 xcxaV ++×= π         

where V = 53.3 mm3, a = 2.58 mm and c = 1.51 mm, it follows then that the extent of erosion 

in the direction of the a and c radii is 0.17 mm. Therefore, the erosion rate calculated over the 

time period of 3 to 20 wks can be estimated at 1.4 µm/d. This value is much lower than that 

of the high molecular weight PTMC291 specimens (6.7 µm/d). 

The lower enzymatic erosion rate of PTMC69 specimens as compared to that of PTMC291 

specimens may be related to the difference in surface properties of the two polymers. Lipase 

activity is greatly enhanced at lipid-water interfaces, this phenomenon is known as interfacial 

activation.[26, 27] X-ray studies have shown, that in the absence of such an interface, the 

active center of the lipase molecules is buried under a short helical segment, which is termed 

the lid.[28, 29] On water-insoluble substrates at water-lipid interfaces[27] and on hydrophobic 

supports[30] the conformation of the lipase molecule is open and the structure is hyperactive. 

From the water uptake measurements and the water contact angle determinations presented 

in Table 2, it follows that after equilibration in water, the surface of PTMC69 specimens is 

more hydrophilic than the surface of PTMC291 specimens. Consequently, it can be expected 

that the activity of the lipase enzyme in degrading PTMC chains is less for the lower 

molecular weight polymers.  

 

Non-enzymatic hydrolysis of PTMC at different pH values 

 

To rule out a possible effect of pH on the in vivo degradation of PTMC, non-enzymatic 

hydrolysis experiments were performed in water, and in (buffer) solutions with pH values 

ranging from 1.0 to 13.0 for degradation periods up to 8 wks.  

High molecular weight PTMC291 showed no mass loss at all in the different degradation 

media. The very low mass loss of PTMC69 was independent of pH and varied between 0.5 

and 2.0 wt% during the degradation period of 8 wks. These values are close to the error in the 
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mass determinations (approximately 1 wt%). Table 4 shows the Mn, Mw and intrinsic 

viscosity ([η]) of the PTMC specimens at different degradation times. It can be seen that the 

PTMC molecular weights remain constant. Both high molecular weight PTMC291 and lower 

molecular weight PTMC69 specimens did not degrade in acidic, basic or neutral aqueous 

solutions. This suggests that during degradation of PTMC implants, the pH value itself does 

not play a significant role. 

 

Table 4. Mn, Mw and intrinsic viscosity ([η]) of PTMC specimens conditioned for different time 

periods in non-enzymatic degradation media with pH values ranging from 1.0 to 13.0 

 
 Time pH1 pH4 water pH10 pH13 pH1 pH4 water pH10 pH13 

 
 Mn and Mw 

a)
 (103g/mol) [η] (dL/g) 

0 291 (425) 3.64 
268 329 259 259 298 1w 

(507) (566) (464) (438) (572) 
3.50 3.50 3.61 3.70 3.43 

284 301 254 319 352 4w 
(509) (509) (508) (415) (524) 

3.77 3.35 3.50 3.69 3.57 

269 316 307 366 409 

PT
M

C
29

1 

8w 
(467) (518) (464) (454) (589) 

3.68 3.60 3.52 3.68 3.44 

 
0 69 (126) 1.48 

70 69 70 68 67 1w 
(101) (128) (128) (108) (116) 

1.44 1.52 1.52 1.47 1.42 

77 71 73 61 82 4w 
(117) (106) (128) (111) (116) 

1.38 1.50 1.43 1.42 1.38 

91 72 89 63 74 

PT
M

C
69

 

8w 
(123) (127) (137) (112) (125) 

1.25 1.50 1.48 1.54 1.33 

  
a) Mw values are given in parentheses 

 

 

CONCLUSIONS 

 

The in vivo degradation of PTMC457 and PTMC89 rods in the femur and tibia of rabbits 

showed characteristics of a surface erosion process. The rate of mass loss of high molecular 

weight PTMC457 specimens was significantly higher than that of lower molecular weight 

PTMC89 specimens. In vitro experiments, using lipase solutions from Thermomyces 

Lanuginosus, also showed that PTMC291 and PTMC69 specimens degraded by enzymatic 
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surface erosion. The rates of mass loss and surface erosion of PTMC291 specimens were again 

much higher than those of PTMC69 specimens. The relatively low rate of surface erosion of 

PTMC69 specimens is likely due to the more hydrophilic surface, which renders lipase 

molecules less active than on the more hydrophobic PTMC291 surfaces.  

Degradation experiments in the absence of lipase showed that hydrolysis of PTMC was 

extremely slow and independent of the pH of the medium and of the molecular weight of the 

polymer. Based on these results, it can be concluded that enzymatic degradation plays an 

essential role in the surface erosion of PTMC in vivo. The enzymes involved still need to be 

identified. 
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ABSTRACT 

 

In this article the surface erosion of spin-coated poly(trimethylene carbonate) (PTMC) 

films by lipase solutions from Thermomyces Lanuginosus was studied using atomic force 

microscopy (AFM). PTMC films (23-48 nm thick) were stable in water at 37 oC for 16 hrs, 

while after immersion in lipase solutions at 37 oC for 30 s and 1 min, the average thickness of 

the film decreased in time at a rate of 11.0±3.7 nm/min. The initially smooth films became 

significantly rougher during the erosion process. When the immersion time of the films in the 

lipase solutions was limited to less than 5 s, degradation of the surface was minimal and 

individual lipase molecules adsorbed on PTMC films could be discerned. By micro-contact 

printing of the PTMC surfaces using a patterned PDMS stamp and lipase solution for 30 s, a 

                                                 

* Biomacromolecules, 2005; 6:3404-3409. 
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predefined micro-pattern consisting of parallel, 5-µm-wide lines lying 5-nm deep and 

separated at a distance of 2 µm was formed. Friction images showed differences in surface 

properties between the recessed and the protruding lines in the pattern.  

 

 

INTRODUCTION 

 

Biodegradable polymers are widely used as medical implants, and in drug delivery and 

tissue engineering applications. Most of the polymers used in these applications degrade by a 

bulk degradation and erosion process. Only few polymers show surface-eroding 

characteristics, examples are polyanhydrides,[1] poly(adipic anhydride),[2] poly(ethylene 

carbonate)[3] and poly(ortho esters).[4] We found that upon implantation, high molecular 

weight poly(trimethylene carbonate) (PTMC) degraded readily by surface erosion.[5, 6] When 

PTMC was incubated in lipase solutions (from Thermomyces Lanuginosus) this behaviour 

could also be observed.[6] It should be noted that in the absence of this enzyme at pH values 

ranging from 1 to 13 no degradation occurred at all. 

The surface erosion behavior of biodegradable polymers has been studied using atomic 

force microscopy (AFM). Shakesheff et al. initially used AFM to investigate the hydrolytic 

surface erosion of poly(sebacic anhydride) films in water and in alkaline solutions (pH = 9-

12.5),[7, 8] and of poly(ortho ester) films in water and in a diluted HCl solution (pH = 6).[9] 

Doi et al. reported AFM studies on the enzymatic degradation of 100-nm thick films of 

poly(ethylene succinate)[10] and of poly[(R)-3-hydroxybutyrate] (PHB) films[11, 12] by 

various PHB depolymerases. Recently, AFM was also employed to study the enzymatic 

degradation of amorphous, 100-nm thick poly(L-lactide) (PLLA) films by proteinase K.[13] 

Furthermore, AFM enables the visualization of single enzyme molecules at the nanometer 

scale.[14] The adsorption of individual PHB depolymerase molecules[15] and proteinase K[13] 

on the surface of PLLA films was reported as well.  

In recent years, lipases (EC 3.1.1.3) have become an important class of enzymes for a 

variety of applications in biotechnology.[16, 17] In biomedical applications, lipases catalyze 

the synthesis as well as the hydrolysis of polyesters and poly(ester-co-carbonates).[18] The 
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hydrolysis activity of lipase results from the catalytic triad Ser-His-Asp/Glu, which is buried 

under a short helical segment, termed the lid.[19, 20] When adsorbed on hydrophobic 

supports,[21, 22] the conformation of the lipase molecule is open and the structure is 

hyperactive. The adsorption of lipase molecules on phospholipid self-assembled monolayers 

has been studied by AFM.[23]  

Studies on the adsorption of individual lipase molecules on the surface of a biodegradable 

polymer film, and its subsequent enzymatic degradation have not yet been reported. In this 

article, we report on an AFM study of the enzymatic surface erosion of spin-coated PTMC 

films by lipase solutions. Changes in morphology of the films upon degradation were 

illustrated, and rates of erosion were determined. To illustrate a potential biomedical use of 

this rapid enzymatic surface erosion, micro-contact printing (µCP)[24, 25] of a PTMC surface 

using a patterned PDMS stamp and lipase solutions was performed and the PTMC surface 

after µCP was characterized by AFM as well. 

  

 

MATERIALS AND METHODS 

 
Materials  

 

Polymer grade 1,3-trimethylene carbonate (TMC) was purchased from Boehringer Ingelheim 

(Germany). Stannous octoate (SnOct2) and lipase from Thermomyces Lanuginosus (EC3.1.1.3, 

minimum 50000 units/g) were purchased from Sigma (USA) and used as received. Sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of the lipase solution showed a single 

protein band at a molecular weight of 39.3 kD. The water used in this study was deionized using a 

Milli-Q water purification system (Millipore, France). High molecular weight poly(trimethylene 

carbonate) PTMC (Mn=291×103 g/mol, Mw/Mn=1.46) was synthesized, purified, and characterized as 

previously described.[26] PTMC is an amorphous polymer with a low glass transition temperature of 

approximately –20 oC. 

Thin PTMC films with thicknesses between 23 and 48 nm were prepared by spin-coating dilute 

chloroform solutions (3 mg/ml) on cleaned Si wafers at 3000 rpm.  To determine the film thickness, 

cuts through the films that exposed the surface of the Si wafer were made by scratching with a needle. 

From atomic force microscopy (AFM) height profiles obtained in ten-fold at three different places 
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(see below), the thickness of the film could be determined by measuring the difference in height 

between the polymer film and the Si wafer substrate. 

Poly(dimethylsiloxane) (PDMS) stamps were prepared from a Sylgard 184 silicone elastomer kit 

(Dow Corning, Germany) according to the manufacturer’s specifications. The mixture of prepolymer 

and curing agent was degassed and poured onto a patterned Si master and cured at 120 oC overnight. 

After curing, PDMS stamps with parallel channels 1-µm deep and 2-µm wide were obtained, the 

separation between the channels was 5 µm.  

 

Enzymatic Degradation of PTMC 

 

PTMC films on Si wafers were immersed in lipase solutions at 37 oC for 30 s, 1 min and 2 min, 

respectively. Upon removal from the enzyme solutions, the films were extensively rinsed with water 

and blown-dry with a gentle N2 flow. The effect of the enzymatic degradation on the surface 

morphology of the films was investigated by AFM. When the immersion time in the enzyme solution 

(at room temperature) was decreased to less than 5 s, enzyme degradation was limited and individual 

molecules could be clearly observed on the surface of the polymer film.  

Patterned structures in the PTMC films were obtained by micro-contact printing (µCP) using the 

PDMS stamps. The stamps were impregnated with the lipase solution, and then the excess liquid was 

removed with a N2 flow. The PDMS stamp was carefully pressed onto the PTMC film for 30 s at 

ambient conditions; subsequently the PTMC film was extensively rinsed with water and blown-dry.      

Control experiments using only water were carried out as well.  

 

Atomic Force Microscopy (AFM) 

 

The surface morphology (height and phase images) and the thickness of the films were investigated 

by tapping mode AFM in air using a NanoScope IIIa instrument (Digital Instruments, USA). Silicon 

cantilevers/tips with a spring constant of 28–58 N/m were used (Nanosensors, Germany). The 

amplitude of oscillation at free vibration (A0) was set between 2.5 and 3.0 V. The operating set-point 

ratio (A/A0), which is inversely proportional to the damping of the cantilever, was set to relatively 

high values (0.75 to 0.85). These measurements were performed before and after treatment of the 

films with the lipase solution. In the latter case the films were first extensively rinsed with water and 

dried. 

Contact mode AFM in lipase solution was used to investigate the enzymatic degradation of the thin 

PTMC films in real time. For this a NanoScope IV instrument (Veeco Instruments, USA) was 
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employed. As the surface erosion process in the lipase solution is quite fast, it is necessary to carry 

out the experiments rapidly. To do this the cantilever tip was first brought close to the surface of the 

film, then several drops of lipase solution were added and the tip was let to engage the wetted 

polymer film surface. This last step took approximately 80 s, scanning of an area of 10×10 µm then 

took ca. 260 s (256 lines, 1 Hz). The contact mode AFM scans were carried out with a load of 3 nN 

using V-shaped Si3N4 cantilevers with a spring constant of 0.1 N/m (Nanoprobes, Veeco 

Instruments). 

 Contact mode AFM in air was also employed to obtain height and friction images of the surface of 

the PTMC film after µCP. For this experiment a NanoScope IIIa instrument (Digital Instruments, 

USA) was used.  

 

 

RESULTS AND DISCUSSION 

 

Enzymatic Degradation of PTMC Films 

 

Recently we reported the rapid enzymatic surface erosion of high molecular weight PTMC 

using lipase solutions from Thermomyces Lanuginosus.[6] During degradation of 750-µm 

thick compression-molded PTMC discs, the mass and thickness simultaneously decreased 

linearly in time. The erosion rate was 6.7 µm/d.  

To investigate the enzymatic surface erosion process on a nanometer scale, AFM is the 

most suited technique as it allows direct visualization of surface features at this level of 

detail. Furthermore, the technique allows determination of other characteristics of the 

surfaces such as rigidity and friction properties. In this study, we employed various AFM 

techniques to investigate the enzymatic surface erosion behavior of spin-coated high 

molecular weight PTMC films with thicknesses of 23 to 48 nm. 

The morphology of the film surfaces before and after immersion in the enzyme solution (or 

in water) at 37 oC was studied by tapping mode AFM in air. Tapping mode AFM allows us to 

simultaneously obtain height and phase images of the surface, as Figure 1 shows. Initially the 

surface of the spin-coated PTMC film was very smooth, as can be seen in Figure 1A. From 

the height image a mean roughness (Ra) of only 0.7 nm was determined. The phase image 

shows a homogenous polymer phase, as can be expected for an amorphous PTMC 
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homopolymer. Treatment of the polymer film with water at 37 oC for 16 hrs did not 

significantly change the morphology (Figure 1B); the film remained very smooth (Ra = 0.6 

nm, averaged over the scanned area) and homogenous. PTMC films are very stable in water.  

 

 
 

Figure 1. Tapping mode AFM height and phase images of PTMC films spin-coated on Si wafers 

before treatment (A); conditioned in water at 37 oC for 16 hrs (B); conditioned in lipase solution at 37 
oC for 1 min (C); and conditioned in lipase solution at 37 oC for 2 min (D). The full scale represents 

15 nm in height and 30o in phase, respectively. 

 

After conditioning the PTMC film in the lipase solution at 37 oC for only 1 min, the surface 

of the film had become significantly rougher (Figure 1C, average Ra = 2.5 nm). The height 

image shows the presence of pits and particles, with depths and heights of respectively 5 to 

10 nm and 1 to 20 nm, their diameters were 20 to 160 nm. In Figure 1C the phase image 

which corresponds to the height image shows that regions that are pits in the height image 

have a phase equal to that of the surrounding background. The regions that are particles in 

the height image have a phase that differs from the background. This follows from the scale 

accompanying the figure. 

Treating the PTMC film for 2 min with the lipase solution resulted in a further increased 

roughness of the film surface (Figure 1D, average Ra = 3.1 nm). Now the sizes of the pits and 

particles had further increased; and features with diameters of 450 nm were distinguished. 
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The raw data shows that the maximal depth and height of the pits and particles were 

respectively ca. 30 nm and 40 nm. In the corresponding phase image, the phase of the pits 

can be distinguished from that of the surrounding background, this suggests that at these 

places the polymer film had been eroded completely so that the surface of the Si wafer was 

exposed.  

Clearly, immersion of PTMC in the lipase solution leads to a much-increased surface 

roughness. In water the surface does not change significantly, therefore this roughening is 

due to an enzymatic degradation process of the polymer. We have shown that the chain 

scission of PTMC upon enzymatic degradation is at random along the polymer chain, and 

that the degradation products are TMC monomer, 1,3-propane diol and oligomeric PTMC.[6] 

TMC, 1,3-propane diol and an oligomeric fraction with an average degree of polymerization 

of 2.6 were found to be soluble in water. Oligomers with higher degrees of polymerization 

were not soluble in water.[6] Upon enzymatic degradation of the spin-coated PTMC films, 

the water-soluble degradation products go into solution, forming the pits on the film surface. 

The higher molecular weight, insoluble oligomeric degradation products have low viscosities 

and could aggregate on the film surface and form the observed big particles. Nevertheless, it 

cannot be excluded that enzyme molecules may aggregate by themselves or with PTMC 

oligomers as well. 

Although in time the roughness of the film surface increases upon enzymatic degradation, 

the average thickness of the spin-coated PTMC film decreases in time. The film thickness is 

determined from the height profiles across a scratch in the film, which exposes the Si surface. 

Typical height profiles across a scratch before and after immersing the film in the lipase 

solution for 1 min are shown in Figure 2A. Figure 2B shows the decrease in thickness of the 

films during the enzymatic degradation in the lipase solution within 1 min. From these 

determinations an average erosion rate of 11.0±3.7 nm/min was determined. This value is in 

the same range as we previously reported for compression-molded PTMC discs (750-µm 

thick) degraded by the same lipase solution (6.7 µm/d = 4.7 nm/min).[6] 
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Figure 2. (A) Tapping mode AFM height profiles across the edge of a scratch in a PTMC film before 

and after immersion in the lipase solution at 37 oC for 1 min. (B) Decrease in thickness of PTMC 

films immersed in the lipase solution at 37 oC (n=30; ± sd).  
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Lipase Molecules Adsorbed on PTMC Films 

 

When the immersion time in the enzyme solution (at room temperature) and the subsequent 

rinsing with water was only a few seconds, enzymatic degradation of the polymer surface 

was limited and in principle we could observe individual molecules on the surface of the 

polymer film. Figure 3A shows the tapping mode AFM height and phase images of the 

PTMC film after immersion in the enzyme solution for less than 5 s. In comparison to the 

untreated films described previously, the average roughness of the scanned surface increased 

slightly to a value of Ra = 1.6 nm. In the height image and at the same positions of the 

corresponding phase image, very small particles can be discerned. From the phase image it 

can be deduced that the modulus values of these particles differ significantly from that of the 

background PTMC film, suggesting that these particles are not PTMC. Figure 3B shows 

expanded (600×600 nm2) AFM height and phase images obtained from a new scan of the 

selected area as shown in Figure 3A.  

A typical height profile across an individual particle is shown in Figure 4. From such 

profiles, the apparent radius of a particle (rAFM) and its relative height (h) can be determined. 

The profiles of 200 particles were analyzed, giving rAFM and h values ranging from 7.8 to 

21.5 nm and 1.0 to 4.0 nm, respectively. Average rAFM and h values were rAFM=15.3±2.9 nm 

and h=2.3±0.7 nm, respectively. 
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Figure 3. Tapping mode AFM height and phase images of a PTMC film after rapid immersion in the 

lipase solution (immersion time was less than 5 s) and rinsing with water (A); and those images from 

a new scan of the selected area (B). The full scale represents 15 nm in height and 30o in phase, 

respectively.  

 

 
 

Figure 4. A typical height profile across an individual particle as presented in Figure 3B.  
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The smallest particles observed on the film surface have dimensions of rAFM = 7.8 nm and 

h = 1.0 nm, these approach the sizes of single macromolecules. For native lipase molecules in 

aqueous solutions a radius of approximately 3.5 nm was reported.[23, 27] 

The apparent radii of small particles on the surface as determined by AFM are larger than 

their true radii, due to the relatively large size of the AFM tip, and corrections need to be 

applied.[28-30] For flattened particles on a surface, the true radius (r) of the particle can be 

calculated from the apparent radius (rAFM) and the relative height of the particle (h) 

determined by AFM, and the radius of curvature of the AFM tip (Rtip), using the following 

equation:[30] 

hRrr tipAFM 22 −=  

In our case, we observed particle dimensions of rAFM = 15.3±2.9 nm, h = 2.3±0.7 nm, while 

Rtip of the cantilevers was 17.5±7.5 nm. After correction, the true radius (r) of the particles 

ranges from 4.7 to 20.9 nm with an average value of 12.4±6.0 nm. Assuming a radius of 3.5 

nm for a spherical lipase molecule in solution, its volume can be calculated to be 180 nm3. 

For a single, disc-shaped lipase molecule, which has been flattened by adsorption on the 

surface and has a height of 2.3 nm, a radius of 6.1 nm can be calculated assuming its volume 

has not changed. This value corresponds very well with the true size of the smallest particles 

on the film surface; from this and from the difference in phase with the PTMC background 

(Figure 3), it is suggested that these small particles could be lipase molecules. The average 

radius of the particles we measured by AFM was slightly larger (12.4 nm). This could be 

caused by differences in the Rtip of the cantilevers employed, and, as lipase can be obtained 

from different sources, by differences in size of the lipase molecules themselves when 

comparing with literature. Also, the larger radius of the enzyme molecule as determined by 

AFM could be due to compression of the lipase by the AFM tapping force. Such deviations 

in size have previously been reported in other systems by Doi et al..[13, 15] 

It is interesting to compare the adsorption behavior of the individual lipase molecules on 

PTMC films with that of PHB depolymerase and proteinase K on PLLA films as investigated 

previously.[13, 15] In all cases the enzymes could not be washed off the surface with water. 

Upon adsorption, these enzymes deformed and flattened significantly on the polymer 

surfaces. These results suggest strong interactions between the enzymes and the polymers.  
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Enzymatic Surface Erosion of PTMC in Real Time 

 

The enzymatic surface erosion behavior was investigated in real time by performing 

contact mode AFM of a PTMC film onto which a small amount of lipase solution was 

dropped. Contact mode AFM was employed as it allows a good resolution to be obtained 

when scanning relatively rough samples with large variations in height.  

Figure 5 shows the AFM height images of the surfaces during erosion of the film. After the 

lipase solution was dropped onto the film surface, it took approximately 80 s to engage the 

AFM tip onto the film surface and start the scanning. The AFM scan rate was 1 Hz, therefore 

scanning of the images (256 lines) required another 260 s, during which the specimen was 

exposed to the lipase solution and subjected to degradation. Figure 5A therefore shows the 

surface of the PTMC film in real time as it was being degraded from 80 s to 340 s. At 

approximately 90 s, the thickness of the film had decreased to 10-13 nm. At this time 

perforations of the film became visible, exposing the underlying Si surface. At later time 

points, the size of the perforations increased and noticeable rims appeared.  

From approximately 240 s onwards, the size of the perforations had greatly increased that 

the polymer film was not continuous anymore. Instead, high mounds of polymeric material 

(up to 120 nm in height) had been formed on the Si wafer. After the scan from 80 s to 340 s 

was finished, the same area was immediately scanned for a second time in the opposite 

direction. The obtained height image is shown in Figure 5B. The figure shows that with 

increasing degradation time the area corresponding to polymeric mounds decreased, while 

their height increased. The polymer was completely degraded after 600 s. (Please note that in 

the figure the full height scale represents 200 nm, this allows visualization of the large 

differences in height.) 
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Figure 5. Contact mode AFM height images of a PTMC film during degradation in lipase solution at 

room temperature from 80 s to 340 s (A) and from 340 s to 600 s (B). The full scale represents 200 

nm in height. The arrows indicate the direction of the scan, and the given times correspond to 

degradation time points. 

 

These scans visualize the erosion of the surface of PTMC films in real time. The formation 

of rimmed holes suggests that during degradation dewetting of the PTMC film on the Si 

surface could also have occurred. This phenomenon does not occur when the film is 

immersed in water for 16 hrs (see Figure 1B). 

 

Micro-patterned Structures 

 

PTMC is well suited for the culture of cells, as we have shown previously.[31, 32] Micro- 

and nano-patterned PTMC surfaces have great potential in applications where the patterning 

of cells is desired such as tissue engineering, biochips and biosensors. We investigated the 

possibility of utilizing the rapid enzymatic surface erosion to form a micro-patterned 

structure on PTMC films by µCP technique using lipase solutions.  

Patterned PDMS stamps, consisting of 2-µm-wide recessed lines spaced by 5-µm-wide 

protruding lines were impregnated with the lipase solution. After removing the excess liquid, 

the patterned structure was carefully pressed onto the PTMC film for 30 s, subsequently the 

PTMC film was extensively rinsed with water and blown dry.      

The resulting pattern on the surface of the PTMC films was probed using contact mode 

AFM to obtain height and friction images (Figure 6A). From height images, alternating and 

parallel lines, which were approximately 2- and 5-µm wide, could be distinguished. The 5-
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µm wide lines, which had been contacted with the lipase solution on the PDMS stamp, were 

lower in height. A typical height profile across the patterned surface of the film is shown in 

Figure 6C. The figure shows that the 5-µm-wide lines are approximately 5 nm lower than the 

2-µm-wide lines. From the height profile in Figure 6C it can also be seen that the middle 

parts of the protrusions are lower than the edges. This is probably caused by capillary forces 

between PTMC (which is in the melt at room temperature) and the crosslinked, patterned 

PDMS stamp. Similar height profiles were obtained during capillary force lithography of 

polystyrene films at 150 oC (Tg of polystyrene is 101 oC).[33]  

Simultaneously, the AFM friction image after µCP was obtained. The pattern of the 

friction image corresponds very well with that of the height image. Alternating lines with 

relatively high friction are approximately 5-µm wide and can readily be distinguished from 

relatively low friction lines 2 µm in width. The 5-µm-wide lines with higher friction 

correspond to the area that has been contacted with lipase solution; their higher friction is 

possibly due to a higher hydrophilicity in these lines.[34] Control experiments showed that 

after µCP of the PTMC films with only water, a patterned surface was not obtained; the 

height and friction images (Figure 6B) and the height profile (Figure 6C) did not show any 

features.  

These results demonstrate that by µCP using lipase solution, a micro-patterned PTMC 

surface with differences in height and in friction properties can be readily formed 

simultaneously. This is a novel strategy to form predefined micro-patterned structures on a 

biocompatible and biodegradable polymeric surface. 
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Figure 6. Contact mode AFM height and friction images of PTMC films after µCP using lipase 

solution (A) and using water as control (B), and height profiles of the surfaces of PTMC films after 

µCP using lipase solution and using water (C). The full scale represents 25 nm in the height images 

and 2V in the friction images.  
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CONCLUSIONS 

 

The surface erosion of spin-coated PTMC films (23-48 nm thick) by lipase solutions was 

studied using AFM. After immersion in lipase solutions for 30 s to 2 min, the roughness of 

the films increased and their average thickness decreased in time. The rate of the enzymatic 

surface erosion of the PTMC film within 1 min was 11.0±3.7 nm/min, which is comparable 

to that of the much thicker, compression-molded discs. When the contacting time of the films 

with the lipase solutions was limited to less than 5 s, degradation of the surface is minimal 

and individual lipase molecules adsorbed on PTMC films could be discerned.  

The erosion of the surface of PTMC films was visualized in real time. During the process, 

rimmed holes were formed in the thin films. These holes exposed the underlying substrate 

and expanded in time. The film was completely eroded in 10 min. 

Micro-contact printing of PTMC film surface using a PDMS stamp and lipase solution 

allowed the patterning of the film surface with predefined microstructures of varying heights 

and surface properties. Since PTMC is biocompatible, such micro-patterned surfaces have a 

great potential for applications where cell patterning is required.   
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ABSTRACT 

 

Biodegradable triblock copolymers based on 1,3-trimethylene carbonate (TMC) and 

different lactides (i.e. D,L-lactide(DLLA), L-lactide (LLA) and D-lactide (DLA)) designated 

as poly(DLLA-TMC-DLLA), poly(LLA-TMC-LLA) and poly(DLA-TMC-DLA) were 

prepared and their mechanical- and thermal properties were compared with those of high 

molecular weight poly(TMC) and poly(TMC-co-DLLA)  statistical copolymers. Triblock 

copolymers containing crystallizable LLA or DLA segments perform as thermoplastic 

elastomers (TPEs) when the poly(lactide) blocks are long enough to crystallize. In blends of 

poly(LLA-TMC-LLA) and poly(DLA-TMC-DLA) triblock copolymers, stereocomplex 

formation between the enantiomeric poly(lactide) segments occurs as demonstrated by 

differential scanning calorimetry and light microscopy. These blends have good tensile 

properties and excellent resistance to creep under static and dynamic loading conditions. 

 

                                                 
∗ Macromol. Chem. Phys., 2004; 205:867-875.  
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INTRODUCTION 

 

There is a need for novel biodegradable elastomers that can be applied for flexible 

implants, drug delivery matrices, substrates for cell culture and scaffolds for tissue 

engineering.[1] In cell culture and tissue engineering, it has been recognized that mechanical 

stimulation of cells[2] affects cell proliferation and apoptosis,[3] cell phenotype[4] and the 

development and function of tissues. Structurally and functionally superior tissues were 

obtained when culturing smooth muscle cells in crosslinked collagen sponges[5, 6] or 

chondrocytes in agarose gels[7] under dynamic instead of static conditions. Typically applied 

tensile or compressive strains were 7% to 10% at a frequency of 0.5 to 1 Hz for periods of up 

to 20 wks.[6] For dynamic culturing, flexible cell substrates and scaffolds are required, which 

are resistant to creep and which do not show permanent deformation under long-term cyclic 

loading.  

The most widely used polymeric substrates for cell culture and scaffolds for tissue 

engineering are based on natural materials like collagen and synthetic materials like 

poly(lactide), poly(glycolide) and their copolymers. However, natural materials like collagen 

have certain disadvantages, such as large batch-to-batch variations and a limited range of 

mechanical properties. Scaffolds prepared from poly(glycolide) were not suitable for long-

term mechanical stimulation of cells, as they exhibited significant permanent deformation 

when subjected to a 7% cyclic strain at 0.5 Hz, with failure occurring within 2.5 wks.[6] 

We have studied the use of 1,3-trimethylene carbonate- (TMC-) based (statistical 

co)polymers with low glass transition temperatures as flexible synthetic materials for the 

preparation of tissue engineering scaffolds.[8-10] Poly(TMC) degrades in vivo by surface 

erosion without the release of acidic compounds.[11] Several cell types have been 

successfully cultured on TMC-based copolymers.[10, 12] However, one of the difficulties we 

encountered in the application of these polymers was their limited resistance to creep under 

long-term static or dynamic loading conditions. 

It has long been recognized that chemical crosslinking can improve the elasticity and 

resistance to creep of polymers with low glass transition temperatures.[13-15] Examples of 

chemically crosslinked networks used in biomedical applications are creep-resistant 

polysaccharide hydrogels[16] and fully elastic poly(ε-caprolactone-co-DLLA) networks.[17] 



Triblock copolymers based on TMC and lactides as biodegradable TPEs 

 69 

In many cases, the reagents used in the chemical crosslinking process and their degradation 

products are toxic and need to be removed effectively.  

In the preparation of physically crosslinked networks, the use of toxic crosslinking agents 

is avoided. Physically crosslinked networks can be obtained by the introduction of polymer 

segments that allow for hydrophobic interactions,[18] crystallization[19] and/or hydrogen 

bonding.[20] One strategy to prepare physically crosslinked elastomeric structures involves 

the use of block copolymers containing blocks that phase-separate. Such materials are named 

thermoplastic elastomers (TPEs).[21] Often ABA triblock copolymers composed of soft B 

blocks that provide elasticity and flexibility and rigid A blocks that provide the necessary 

physical interactions are used. Poly(lactide)s, i.e. amorphous poly(DLLA) and semi-

crystalline poly(LLA) or poly(DLA) with different physical and degradation properties, have 

been used as hard blocks in TPEs for medical applications. For instance, poly(LLA-TMC-

LLA) triblock copolymers were chain extended to form completely degradable multiblock 

copolymers,[22-24] and partially degradable TPEs were prepared from poly(DLLA-isoprene-

DLLA) triblock copolymers.[25, 26] Blends of poly(LLA) and poly(DLA) form a 

stereocomplex with a melting point of approximately 230 oC.[27] Stereocomplex formation 

between poly(LLA) and poly(DLA) has been used to prepare physically crosslinked 

biodegradable hydrogels,[28-30] scaffolds for tissue engineering[31, 32] and carriers for drug 

delivery.[33, 34] 

In this paper we report on the preparation of physically crosslinked TMC-based TPEs. 

Non-crystallizable poly(DLLA-TMC-DLLA) and crystallizable poly(LLA-TMC-LLA) and 

poly(DLA-TMC-DLA) triblock copolymers with different lactide contents were prepared. 

The effect of chain length and crystallizability of the hard block segments on the extent of 

phase separation and on the thermal- and mechanical properties of the triblock copolymers 

was studied. Solvent-cast films of mixtures of poly(LLA-TMC-LLA) and poly(DLA-TMC-

DLA) showed excellent mechanical properties and resistance to creep. In these blends 

stereocomplex formation occurred, leading to enhanced physical crosslinking as compared to 

films of the enantiomeric block copolymers.  
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MATERIALS AND METHODS 

 

Polymer synthesis 

 

Polymer grade 1,3-trimethylene carbonate (TMC) (Boehringer Ingelheim, Germany), D-lactide 

(DLA), L-lactide (LLA) and D,L-lactide (DLLA, racemic mixture of DLA and LLA) (Purac 

Biochem, The Netherlands) were used without further purification. Stannous octoate (SnOct2) 

(stannous 2-ethylhexanoate) (Sigma, USA) and 1,6-hexanediol (Aldrich, Germany) were used as 

received.  

Poly(TMC) and statistical poly(TMC-co-DLLA) were synthesized in dried, freshly silanized (Serva 

Solution, Boehringer Ingelheim, Germany) glass ampoules. The ampoules were purged with dry 

argon, charged with monomer and catalyst (2×10−4 mol of SnOct2 per mol of monomer), and heat-

sealed under vacuum. The polymerizations were conducted at 130±1 °C for 3 d. 

ABA triblock copolymers, where A is a (DLLA, LLA or DLA) poly(lactide) hard block and B is a 

poly(TMC) rubber block, were prepared. These triblock copolymers, abbreviated as poly(DLLA-

TMC-DLLA), poly(LLA-TMC-LLA) and poly(DLA-TMC-DLA), were prepared by sequential 

polymerizations under argon at 130±1 °C. First an α-ω hydroxy terminated poly(TMC) diol was 

synthesized in a three-necked flask for a period of 3 d using 2×10−4 mol SnOct2 and 4.1×10−3 mol 1,6-

hexanediol per mol monomer as initiator. Then DLLA, LLA or DLA together with 2×10−4 mol 

SnOct2 per mol lactide were added to the poly(TMC) prepolymer and mixed with a mechanical 

stirrer. The polymerization was continued for another 3 d.  

The synthesized polymers were purified by dissolution in chloroform at a concentration of 5-10 

wt/vol% and precipitation into a ten-fold volume of methanol. The polymers were washed and dried 

in a vacuum oven at room temperature until constant weight. 

 

Polymer characterization 

 

Monomer conversion and polymer composition were determined by 300 MHz 1H NMR 

spectroscopy (Varian Inova, USA). The block structure of the triblock copolymers was evaluated by 

100 MHz 13C NMR spectroscopy (Varian Unity 400 WB).  

Weight average (Mw) and number average (Mn) molecular weights and molecular weight 

distributions (Mw/Mn) of the polymer samples were determined by gel permeation chromatography 

(GPC) using a Waters Model 510 pump, a HP Ti-Series 1050 autosampler, a Waters Model 410 
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Differential Refractomer and a Viscotek H502 Viscometer Detector with Waters Styragel HR5-HR4-

HR2-HR1 columns placed in series. Chloroform was used as eluent at a flow rate of 1.5 ml/min. 

Narrow polystyrene standards were used for calibration. All determinations were performed at 25 °C. 

The thermal properties of the purified polymers were evaluated by differential scanning calorimetry 

(DSC). Samples (5-10 mg) were analyzed with a Perkin Elmer Pyris1 at a heating rate of 10 °C/min. 

Samples of amorphous polymers were heated from −100 oC to 100 oC, while semi-crystalline 

specimens were heated from −100 oC to 20 oC above their peak melting temperature. After the first 

heating scan, the samples were quenched rapidly (300 °C/min) to −100 oC, after 5 min at that 

temperature a second scan was recorded. Cyclohexane, indium, gallium and tin were used as 

standards for temperature calibration.  

 

Polymer processing 

 

Compression molding: purified polymers were compression molded in rectangular stainless steel 

molds of dimensions 500 µm × 5 mm × 100 mm (ASTM D882-91) using a laboratory press 

(Fonteijne THB008, The Netherlands). The molding temperatures were between 100 and 140 oC for 

amorphous polymers and at approximately the peak melting temperature (Tm) for semi-crystalline 

polymers. After compression molding, the semi-crystalline polymers were annealed at 50 oC for 30 

min before cooling to room temperature. 

Solvent casting: solutions of polymer in chloroform (10 wt/vol%) were cast on glass plates. After 

drying under ambient conditions for 1 wk followed by drying in a vacuum oven for 5 d, 60-90 µm 

thick films were obtained. From these films, specimens for mechanical testing were cut to ASTM 

D882-91 specifications.  

Stereocomplex formation: stereocomplexes of poly(LLA-TMC-LLA) and poly(DLA-TMC-DLA), 

poly(ST-TMC-ST), were obtained after mixing equal amounts of 10 wt./vol% solutions of each 

polymer in chloroform and subsequent co-precipitation.[27]  Also films of this stereocomplex could 

be prepared by casting the mixture of polymer solutions on a glass plate and evaporating the 

solvent.[35]  

 

Mechanical properties 

 

The mechanical properties of the polymers were evaluated using solvent-cast films and 

compression-molded sheets. Tensile tests were carried out in duplicate at room temperature according 
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to ASTM D882-91 specifications. A Zwick Z020 universal tensile tester equipped with either a 10 N 

or a 500 N load cell was operated at a crosshead speed of 50 mm/min. The specimen deformation was 

derived from the grip-to-grip separation, which initially was 50 mm. The determined values of the 

Young’s modulus are only an indication for the stiffness of the different materials. 

Under the same operating conditions, cyclic tensile tests were carried out. The specimens were 

deformed to 50% elongation for 20 cycles, or to 10% elongation for up to 3000 cycles. The 

permanent set (the permanent deformation) as a result of creep during the cyclic testing was then 

measured after a recovery period of 2 h.[36]  

Short-term static tensile creep tests in accordance to ASTM D2990-95 specifications were also 

carried out at room temperature using 5 mm × 100 mm specimens. The creep rates ( ε� ) of the 

different polymers were determined within 1 h as the minimal slope of the strain-time curves.[37] 

 

 

RESULTS AND DISCUSSION 

 

Poly(TMC) and poly(TMC-co-DLLA) statistical copolymers 

 

High molecular weight poly(TMC) homopolymer and statistical copolymers of TMC and 

D,L-lactide, poly(TMC-co-DLLA) are amorphous polymers. Depending on the composition, 

the glass transition temperatures (Tg) of the copolymers vary between the Tg of poly(TMC) 

(approximately –21 oC) and the Tg of poly(DLLA) (approximately 53 oC).[9] Table 1 gives an 

overview of the thermal- and tensile properties and permanent sets after cyclic tensile 

deformation of compression-molded TMC-based (statistical co)polymers with relatively low 

glass transition temperatures. At DLLA contents lower than 50 mol%, the Tg of the 

copolymers is lower than room temperature and these copolymers have rubber-like 

properties. With an increase in DLLA content, the permanent set after cyclic tensile tests to 

50% elongation decreases. This is due to the increase in the elongation at yield (εyield) with an 

increase in DLLA content. 
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Table 1. Properties of poly(TMC) and poly(TMC-co-DLLA) statistical copolymers after compression 

molding. 

 

TMC Mn
a) Tg

b) Ec) σyield
d) εyield

e) σmax
d) εbreak

e) Perm. setf)  
mol% ×105 oC MPa MPa % MPa % % 

Poly(TMC) 100 2.3 −21.1 5.9± 
0.1 

1.8± 
0.1 

132± 
3 

3.1± 
0.3 

995± 
50 

6.2 

Poly(TMC-co-DLLA) 78 1.2 −1.8 4.2± 
0.3 

2.0± 
0.1 

160± 
5 

2.9± 
0.2 

1140± 
20 

3.5 

Poly(TMC-co-DLLA) 54 1.1 5.9 3.8± 
0.1 

1.3± 
0.1 

228± 
8 

1.3± 
0.1 

650± 
140 

1.6 

 
a) Determined by GPC. b) DSC, 1st scan. c) E = Young’s modulus. d) σ = stress. e) ε = strain.  
f) Permanent set after cyclic tensile testing (50% elongation, 20 cycles). 

 

The polymers discussed above are degradable in vivo and in principle can be applied as 

degradable flexible medical implants or scaffolds for tissue engineering.[11] In many of these 

applications, the materials are subjected to continuous stresses. Therefore, a drawback of 

these materials is their limited creep resistance during long-term static or dynamic loading. 

Figure 1 shows a typical creep curve of poly(TMC) loaded to 50% of its yield stress. The 

creep curve shows different phases; in the first phase, after an initial elastic response, the 

creep rate decreases in time. In the next phase, the specimen reaches a constant creep rate. 

Under the applied conditions, this creep rate is characteristic for the polymer. In the third 

phase, the creep rate increases in time, leading to fracture of the poly(TMC) specimen in 

approximately 2 h. 

The creep rates, ε� , of the TMC-based (statistical co)polymers mentioned in Table 1 were 

determined using a 1-h static creep test applying different stresses (Table 2). Poly(TMC) and 

statistical poly(TMC-co-DLLA) copolymers have relatively high creep rates, which increase 

with increasing stress. Furthermore, the table shows that for these high molecular weight 

polymers the creep rates do not decrease with an increase in lactide content (and in Tg). 
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Figure 1. Creep curve of compression-molded poly(TMC), at an applied stress of 0.9 MPa (this 

corresponds to approximately 50% of the yield stress). 

 

Table 2. The creep rate, ε� , of compression-molded poly(TMC) and statistical poly(TMC-co-DLLA) 

copolymers in 1-h static creep tests as a function of the applied stress. 

 

TMC σyield ε� a)
 at different applied stresses (10−5 s−1)b) 

constant absolute stress constant relative stress 
 

mol% MPa 
0.1 MPa 0.2 MPa 0.4 MPa 10%×σyield

 50%×σyield 
Poly(TMC) 100 1.8 1.3 3.6 7.5 2.9 20.8 
Poly(TMC-co-DLLA) 78 2.0 0.4 0.6 2.4 0.6 40.1 
Poly(TMC-co-DLLA) 54 1.3 0.7 1.5 2.8 0.9 3.6 

 
a) The creep rate, ε� , was determined as the slope of strain-time curves in 1-h creep tests. 
b) A creep rate of 10−5 per second corresponds to a strain of 3.6% per hour. 

 

Synthesis and characterization of DLLA-TMC-DLLA, LLA-TMC-LLA and DLA-TMC-DLA 

triblock copolymers 

 

To investigate the effect of the extent of phase separation on the properties of the triblock 

copolymers, we prepared several DLLA-TMC-DLLA, LLA-TMC-LLA and DLA-TMC-

DLA triblock copolymers in which the Mn of poly(TMC) block was kept constant, and the 



Triblock copolymers based on TMC and lactides as biodegradable TPEs 

 75 

lactide content in the feed was varied from 16.7-50.0 mol% to obtain block copolymers with 

different poly(lactide) block lengths. Table 3 shows the characteristics of the triblock 

copolymers, which were prepared by ring opening polymerization of different lactides 

initiated by hydroxy-terminated poly(TMC) prepolymers. The molecular weight of the 

poly(TMC) block was targeted to be 25×103, as this molecular weight is high enough to 

induce phase separation with poly(lactide) blocks and also allows stirring and homogenous 

mixing of the prepolymer with molten lactide monomer in the synthesis procedure.  

 
Table 3. Characteristics of triblock copolymers based on TMC and lactides. 

 

Monomer TMC 
prepolymer 

Purified ABA triblock copolymer 

LAa) Mn
b) LAc) Mn

b) Poly(lactide) 
block lengthd) 

 

mol% ×103 mol% ×103 ×103 
Poly(DLLA-TMC-DLLA) 25.0 16.2 14.4 21.0 2.0 
Poly(DLLA-TMC-DLLA) 50.0 15.3 35.2 25.2 5.5 
Poly(LLA-TMC-LLA) 16.7 15.8 9.6 18.9 1.2 
Poly(LLA-TMC-LLA) 25.0 16.4 17.5 23.8 2.7 
Poly(LLA-TMC-LLA) 50.0 14.2 42.3 26.6 6.8 
Poly(DLA-TMC-DLA) 16.7 19.5 10.0 22.0 1.5 
Poly(DLA-TMC-DLA) 25.0 16.5 14.2 21.8 2.1 
Poly(DLA-TMC-DLA) 50.0 13.8 44.2 26.1 6.9 
 

a) Lactide content in feed. b) Determined by GPC. c) Lactide content in purified triblock copolymer, 

determined by 1H NMR. d) Poly(lactide) block length, calculated from the lactide content and Mn of 

the purified triblock copolymer. 

 

In the prepolymer preparation, the conversion of TMC monomer was essentially complete. 

However, the molecular weights of the prepolymers were lower than targeted, probably due 

to the presence of trace impurities in the monomer and in the stannous octoate.[38] The 

formation of triblock copolymers after the lactide ring opening polymerization by 

poly(TMC) prepolymers was shown by GPC. Elution profiles showed increased molecular 

weights and monomodal molecular weight distributions ranging from 1.3 to 1.5. The lactide 

contents (and the calculated poly(lactide) block lengths) of the purified triblock copolymers 

were lower than expected from the feed composition. The conversion of lactide varied from 
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90% to 95%, also some lactide sublimed during the polymerization. Nevertheless, the table 

shows that the composition and lactide block length of the triblock copolymers can be well 

controlled. 

The block structure of the synthesized triblock copolymers can be identified by 1H NMR 

and 13C NMR analysis.[39, 40] Figure 2 shows details of representative NMR spectra of 

statistical- and triblock copolymers of lactide and TMC. The difference between statistical 

and triblock copolymers can be readily observed both in 1H- and in 13C NMR spectra. A 

statistical poly(TMC-co-DLLA) copolymer (Figure 2A) shows splitting of the multiplet 

methine signal of lactate units in 1H NMR and splitting of the singlet carbonate signal of 

TMC units in 13C NMR. A poly(DLLA-TMC-DLLA) triblock copolymer (Figure 2B) does 

not show splitting of the signals mentioned above. For both polymers, the multiplet methine 

signals (in 1H NMR) and carbonyl signals (in 13C NMR) of lactate units are due to the 

random sequence of L- and D-lactate in the polymer chains. The spectra of a poly(LLA-

TMC-LLA) triblock copolymer (Figure 2C) only show the quartet methine signal of lactate 

units in 1H NMR and the singlet carbonyl signal of lactate and carbonate signal of TMC units 

in 13C NMR. 

Table 4 shows mechanical properties of compression-molded or solvent-cast purified 

triblock copolymers presented in Table 3. The low molecular weight poly(DLLA-TMC-

DLLA) triblock copolymers do not show improved mechanical properties when compared 

with the high molecular weight poly(TMC-co-DLLA) statistical copolymers presented in 

Table 1 and 2. The triblock copolymer containing 14.4 mol% DLLA is a gummy material, 

flowing irreversibly at very low stresses. Triblock copolymer containing 35.2 mol% DLLA 

shows better tensile properties. However, this polymer still shows poor recovery after cyclic 

deformation and a high creep rate.  
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Figure 2. Details of 1H- and 13C NMR spectra of statistical- and triblock copolymers of TMC and 

different lactides.  

A) poly(TMC-co-DLLA) statistical copolymer containing 22 mol% lactide;  

B) poly(DLLA-TMC-DLLA) triblock copolymer containing 14 mol% lactide;  

C) poly(LLA-TMC-LLA) triblock copolymer containing 18 mol% lactide.  

The 1H NMR spectra show the methine signals of lactate units at 4.9 to 5.3 ppm, the 13C NMR spectra 

show the carbonyl signals of lactate units at approximately 170 ppm and the carbonate signals of 

TMC units at approximately 154 ppm. 
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Table 4. Mechanical properties of compression-molded or solvent-cast TMC and lactide based 

triblock copolymers. 

 

LAa) E σyield εyield σmax εbreak Perm. 
setd) 

ε� f)  

mol% MPa MPa % MPa % % ×10-5 s-1 
Poly(DLLA-
TMC-DLLA)b) 

14.4 0.94± 
0.12 

0.06± 
0.01 

23± 
1 

0.06± 
0.01 

>1800 Could not be 
determined 

Poly(DLLA-
TMC-DLLA)b) 

35.2 15.7± 
2.4 

1.2± 
0.1 

130± 
5 

1.8± 
0.1 

880± 
50 

11.5 14.0 

Poly(LLA-
TMC-LLA)b) 

9.6 0.84± 
0.03 

0.05± 
0.01 

20± 
1 

0.05± 
0.01 

>1800 Could not be 
determined 

Poly(LLA-
TMC-LLA)c) 

17.5 20.7± 
0.8 

1.4± 
0.1 

38± 
2 

1.4± 
0.1 

120± 
25 

2.5e) 0.27 

Poly(LLA-
TMC-LLA)c) 

42.3 408± 
11 

15.3± 
1.2 

12± 
1 

19.8± 
1.8 

330± 
30 

21.6 0.03 

Poly(DLA-
TMC-DLA)b) 

10.0 3.28± 
0.13 

1.31± 
0.02 

43± 
1 

1.31± 
0.02 

>1800 Could not be 
determined 

Poly(DLA-
TMC-DLA)b) 

14.2 34.4± 
2.6 

2.1± 
0.2 

32± 
2 

2.1± 
0.2 

100± 
20 

6.4 0.25 

Poly(DLA-
TMC-DLA)b) 

44.2 467± 
27 

15.0± 
1.4 

11± 
4 

21.1± 
1.9 

400± 
50 

28.8 0.05 

 
a) Lactide content in triblock copolymers determined by 1H NMR. b) Compression-molded specimens. 
c) Solvent-cast films. d) Permanent set determined after 20 cycles to 50% elongation. e) Permanent set 

determined after 10 cycles to 50% elongation. f) Samples were loaded to 10% of σyield. 

 

Triblock copolymers containing LLA or DLA can in principle crystallize. Polymers 

containing 10 mol% LLA or DLA are waxy materials with poor mechanical properties, 

similar to those of the amorphous DLLA triblock copolymers. Poly(LLA-TMC-LLA) 

containing 18 mol% lactide and poly(DLA-TMC-DLA) containing 14 mol% lactide have 

good mechanical properties. They are highly flexible and elastic with low creep rates and 

little permanent deformation in cyclic tensile testing. Upon increasing the LLA or DLA 

contents to more than 40 mol%, the triblock copolymers become much stiffer with 

significantly higher values of E-modulus, σyield and σmax and lower static creep rates. 

However, they show poor recovery after repeated cyclic deformation. This can be attributed 

to the fact that the applied elongation of 50% in each cycle is now much higher than the 

values of εyield (11±4% elongation). 
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Table 5. Thermal properties of TMC and lactide based triblock copolymers. 

 

1st heating scan 2nd heating scan LAa) 
Tg Tm �Hf

b) Tg Tc Tm �Hf
b) 

 

mol% oC oC J/g oC oC oC J/g 
Poly(DLLA-
TMC-DLLA) 

14.4  −12.8     −12.8    

Poly(DLLA-
TMC-DLLA) 

35.2 8.2   7.9    

Poly(LLA-
TMC-LLA) 

9.6  −14.4    −13.9    

Poly(LLA-
TMC-LLA) 

17.5  −12.4 150.3 43.9  −6.5 110.4 147.7 32.5 

Poly(LLA-
TMC-LLA) 

42.3  −16.8 163.3 52.1 24.0 94.0 161.3 50.6 

Poly(DLA-
TMC-DLA) 

10.0  −15.9    −12.9    

Poly(DLA-
TMC-DLA) 

14.2  −15.0 139.9 48.3  −8.4 107.8 140.1 23.1 

Poly(DLA-
TMC-DLA) 

44.2  −19.5 166.8 48.2 36.3 95.8 163.4 45.6 

 
a) Lactide content in triblock copolymers. b) The heat of fusion of crystallizable poly(lactide) segments 

in the triblock copolymers normalized to the lactide content (in g/g). 

 

As previously discussed, good mechanical properties (elasticity and resistance to creep) of 

TPEs can be achieved by physical crosslinking, for this good phase separation of the hard 

and soft segments into separate domains is required. Table 5 shows thermal properties of the 

triblock copolymers mentioned in Table 4 as determined by DSC. Poly(DLLA-TMC-DLLA) 

triblock copolymers are amorphous, and only show a single Tg in between the Tg of 

poly(TMC) and that of poly(DLLA), suggesting the lack of extensive phase separation of 

TMC and DLLA segments.  

The degree of crystallinity of LLA- and DLA-containing triblock copolymers depends on 

the lactide content. When the lactide content in poly(LLA-TMC-LLA) and poly(DLA-TMC-

DLA) is less than 10 mol%, the thermal properties are quite similar to those of the non-

crystallizable DLLA-TMC-DLLA triblock copolymers: a single glass transition is observed 

and a melting endotherm corresponding to crystalline poly(lactide) segments cannot be 

detected. In both cases, the poor mechanical properties can be related to the low molecular 
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weights of the triblock copolymers and the absence of crystalline phases acting as physical 

crosslinks.  

At lactide contents between 14 and 18 mol%, poly(LLA-TMC-LLA) and poly(DLA-TMC-

DLA) show a Tg in the first heating scan that approaches the glass transition temperature of 

poly(TMC) and a melting endotherm that corresponds to the crystalline poly(lactide) hard 

blocks. These crystalline domains act as physical crosslinks, significantly improving the 

mechanical properties of the triblock copolymers. At lactide contents in excess of 40 mol%, 

the semi-crystalline triblock copolymers show even higher melting temperatures and higher 

heats of fusion. This more extensive physical crosslinking explains the increased values of E-

modulus, yield strength, maximum tensile strength and the lower static creep rates as 

described above. 

 

Enhanced physical crosslinking and improved mechanical properties by stereocomplexation 

 

The extent of phase separation between TMC and lactide segments in poly(LLA-TMC-

LLA) and poly(DLA-TMC-DLA) and physical crosslinking can be increased by 

stereocomplexation of the enantiomeric poly(lactide) segments in the triblock copolymer 

blends. Figure 3 shows DSC curves of poly(LLA-TMC-LLA) and poly(DLA-TMC-DLA) 

containing approximately 16 mol% lactide, and of their stereocomplex poly(ST-TMC-ST). 

After stereocomplex formation, the Tg of poly(ST-TMC-ST) does not change significantly, 

while Tm increases from 147.7 °C (poly(LLA-TMC-LLA) containing 17.5 mol% lactide) or 

140.1 °C (poly(DLA-TMC-DLA) containing 14.2 mol% lactide) to 190.9 °C. The 

normalized heat of fusion (�Hf) of the poly(lactide) segments increases remarkably from 

32.5 J/g or 23.1 J/g to 69.0 J/g. Interestingly, the crystallization temperature (Tc) of poly(ST-

TMC-ST) in the second heating scan after quenching is 78.2 oC. This is approximately 30 oC 

lower than that of the enantiomeric poly(LLA-TMC-LLA) or poly(DLA-TMC-DLA). This 

lower Tc indicates that the driving force for racemic crystallization and stereocomplex 

formation is higher than that for crystallization of the separate enantiomeric forms. 
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Figure 3. DSC curves of poly(LLA-TMC-LLA) (containing 18 mol% lactide) and poly(DLA-TMC-

DLA) (containing 14 mol% lactide) triblock copolymers, and of their stereocomplex poly(ST-TMC-

ST): (A) DSC 1st scan; (B) DSC 2nd scan. 

 

Enhanced phase separation is also recorded for DLA and LLA based triblock copolymers 

upon stereocomplex formation of the other compositions. The blend of poly(LLA-TMC-

LLA) and poly(DLA-TMC-DLA) triblock copolymers containing approximately 10 mol% 

lactide (that initially were amorphous) now shows a melting transition at 151.7 oC due to 

racemic crystallization. The blend of triblock copolymers containing more than 40 mol% 

lactide has a high Tm at 217.8 oC and a relatively low Tc at 68.3 oC. 
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Figure 4 shows polarized light microscopy images of solvent-cast films of poly(LLA-

TMC-LLA) (18 mol% lactide) and poly(ST-TMC-ST) (16 mol% lactide). Both films show a 

phase-separated morphology with crystalline lactide domains dispersed in an amorphous 

matrix. In poly(LLA-TMC-LLA) films, spherulites can be observed only after annealing the 

films at room temperature for several weeks. Both the nucleation density and the growth rate 

of the spherulites are very low. After one month, the spherulites were approximately 20 µm 

in diameter. In poly(ST-TMC-ST) films spherulite structures could not be observed. In this 

case, micro-crystallites are formed at a very high nucleation density and growth rate. The 

final morphology of the films is established after 2 to 3 day of annealing at room 

temperature. 

The differences in crystallization behavior between poly(ST-TMC-ST) and poly(LLA-

TMC-LLA) films are comparable to prior observations regarding the different crystallization 

behaviors and resulting morphologies of solvent cast PLLA films and mixtures of PLLA and 

PDLA in which stereocomplexation had occurred.[41] The differences in morphology 

between solvent-cast poly(ST-TMC-ST) and poly(LLA-TMC-LLA) films imply that in 

poly(ST-TMC-ST) films a structure of much higher physical crosslink density is formed.  

 

A 

 

B 

 
 

Figure 4. Polarized light microscopy images of solvent-cast films: (A) poly(LLA-TMC-LLA) 

(containing 18 mol% lactide, annealed at room temperature for one month); (B) poly(ST-TMC-ST) 

(containing 16 mol% lactide). (Bar = 20 µm) (Color picture on page 168) 
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Comparing the mechanical properties of poly(ST-TMC-ST) prepared by mixing and 

casting solutions of poly(LLA-TMC-LLA) and poly(DLA-TMC-DLA) containing 

respectively 18% and 14% lactide with those of the poly(LLA-TMC-LLA) (solvent-cast 

films) and poly(DLA-TMC-DLA) (compression-molded sheets) given in Table 4 shows that 

stereocomplex formation leads to better mechanical properties as compared to the 

enantiomeric polymer: the E-modulus is 28.3±0.5 MPa, the σyield and εyield are respectively 

3.3±0.1 MPa and 85±5%, and the εbreak is 170±10%. Improved elasticity is observed as well, 

the permanent deformation in cyclic testing after 10 cycles to 50% elongation is only 1.8%.  

Stereocomplex formation also results in further improved resistance to creep: when 

poly(ST-TMC-ST) and poly(LLA-TMC-LLA) are loaded at 10% of σyield (0.33 MPa and 

0.14 MPa, respectively), ε�  in 1-h static creep tests of poly(ST-TMC-ST) (1.7×10–6 s−1) is 

lower than that of poly(LLA-TMC-LLA) (2.7×10−6 s−1). It is noteworthy that the ε�  of high 

molecular weight poly(TMC) is 2.9×10−5 s−1 under the same conditions. Figure 5 shows the 

creep rates of high molecular weight poly(TMC) and of the triblock copolymers loaded to 

0.1, 0.2 and 0.4 MPa. At a given stress, the creep rate ε�  is much lower for poly(LLA-TMC-

LLA) than for poly(TMC), the creep rates of poly(ST-TMC-ST) specimens are even 2 orders 

of magnitude lower.  

For tissue engineering applications, where mechanical cell stimulation is desired, the 

resistance to creep of the scaffolding materials under long-term cyclic deformation of 7-10% 

strain is very important.[5, 6] Therefore, cyclic tensile tests were performed to investigate the 

resistance to creep of poly(TMC), poly(LLA-TMC-LLA) and poly(ST-TMC-ST) specimens 

after up to 3000 deformation cycles to 10% elongation. Figure 6 shows the permanent 

deformation after a 2 h recovery period. Poly(TMC) shows an increase in permanent 

deformation at increasing number of cycles, poly(LLA-TMC-LLA) shows significantly less 

permanent deformation than poly(TMC) specimens, while poly(ST-TMC-ST) completely 

recovers, showing no permanent deformation at all even after 3000 cycles. 

Highly porous structures with inter-connected pores were prepared from poly(ST-TMC-

ST) by salt leaching method. The characteristics of these scaffolds are the subject of a 

separate paper (Chapter 6 of this thesis).[42] Appendix A of this thesis shows the result of 

enzymatic degradation of these porous structures. 
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Figure 5. Creep rate ( ε� ) of compression-molded poly(TMC) specimens (σyield = 1.8 MPa), and of 

solvent-cast films of poly(LLA-TMC-LLA) (containing 18 mol% lactide, σyield = 1.4 MPa) and 

poly(ST-TMC-ST) (containing 16 mol% lactide, σyield = 3.3 MPa). 
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Figure 6. Permanent deformation (after 2 h recovery) of compression-molded poly(TMC) and 

solvent-cast poly(LLA-TMC-LLA) (containing 18 mol% lactide) and poly(ST-TMC-ST) films 

(containing 16 mol% lactide). 
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CONCLUSIONS 

 

Triblock copolymers based on TMC and lactide were prepared. TPEs showing good 

mechanical properties, especially low creep rates, were obtained when crystallizable lactide 

blocks of sufficient lengths were used to form the hard blocks. The mechanical properties 

and the creep-resistance could be improved even further by stereocomplex formation 

between enantiomeric poly(lactide) segments of the triblock copolymers in blends. 

These triblock copolymers are attractive for tissue engineering applications as the physical 

crosslinking gives these materials excellent creep resistance, allowing dynamic cell culture. 

The thermal and the mechanical properties of the block copolymers can easily be regulated 

within a wide range by adjusting their composition.  
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ABSTRACT 

 

Stereocomplexes (poly(ST-TMC-ST)) of enantiomeric triblock copolymers based on 1,3-

trimethylene carbonate (TMC) and L- or D-lactide (poly(LLA-TMC-LLA) and poly(DLA-

TMC-DLA)) were prepared. Films of poly(ST-TMC-ST) could be prepared by solvent 

casting mixtures of equal amounts of poly(LLA-TMC-LLA) and poly(DLA-TMC-DLA) 

solutions and by compression molding co-precipitates.  

Although compression molding was performed at 191 oC, thermal degradation was not 

apparent and materials with good tensile properties could be obtained. For compression-

molded poly(ST-TMC-ST) specimens containing approximately 16 mol% lactide, the values 

for E-modulus, stress at yield and elongation at break were respectively 17 MPa, 1.7 MPa 

and 90%. Also a very low long-term creep rate of 2.2×10−7 s−1 was determined when 

specimens were loaded to 20% of the yield stress. When compared with compression-molded 

                                                 
* J. Mater. Sci., Mater. Med., 2004; 15:381-385. 
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poly(TMC), poly(ST-TMC-ST) specimens deform at a rate that is one to two orders of 

magnitude lower. Furthermore, poly(ST-TMC-ST) specimens showed complete dimensional 

recovery within 24 h after loading to 20 and 40% of the yield stress for 40 h and 5.5 h, 

respectively. 

Highly porous poly(TMC) and poly(ST-TMC-ST) structures with interconnected pores 

were prepared by a method combining co-precipitation, compression molding and salt 

leaching. After prolonged compressive deformation, solid and porous poly(ST-TMC-ST) 

discs showed significantly better recovery behavior than poly(TMC) discs.  

 

 

INTRODUCTION 

 

In cell culturing and tissue engineering research, it has been recognized that mechanical 

stimulation of cells under conditions that mimic the in vivo environment[1] has a pronounced 

influence on cell phenotype,[2] proliferation and apoptosis behavior.[3] Moreover, in 

comparison with static culturing of cells in the engineering of muscle and cartilage tissues, 

structurally and functionally superior tissues were obtained when cyclic tensile conditions 

were applied to smooth muscle cells seeded in crosslinked collagen sponges[4, 5] and cyclic 

compressive forces to chondrocytes in agarose gels.[6] To resist the deformations during 

long-term cell cultures in tissue engineering, the ideal scaffolding structure should be elastic 

and resistant to creep. 

High molecular weight poly(TMC) is an amorphous polymer with a low glass transition 

temperature (Tg) at approximately −20 oC. It degrades in vivo by surface erosion without the 

release of acidic compounds.[7] Several cell types have been successfully cultured on TMC-

based copolymers.[8, 9] These properties make it an interesting material for use in cell 

culturing and tissue engineering. Unfortunately, the creep-resistance of poly(TMC) is rather 

low.  

Stereocomplexation of poly(LLA) and poly(DLA) occurs upon co-precipitation[10] or 

solvent casting[11] of mixed solutions containing equal amounts of polymers. Previously 

(Chapter 5 of this thesis), we reported on the preparation and characterization of 

biodegradable thermoplastic elastomers based on stereocomplexation of enantiomeric 
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triblock copolymers of 1,3-trimethylene carbonate (TMC) and L-lactide or D-lactide 

(poly(LLA-TMC-LLA) and poly(DLA-TMC-DLA)). Solvent-cast films of the 

stereocomplex (poly(ST-TMC-ST)) showed good mechanical properties and excellent creep-

resistance.[12] 

We have developed a versatile technique to prepare well-controlled porous structures from 

low Tg polymers that involves polymer and salt co-precipitation, compression molding and 

leaching.[8, 13] The aim of this study was to prepare creep-resistant, porous scaffolds by this 

thermal processing method. It is known that the melting temperature of the stereocomplex of 

equal amounts of poly(LLA) and poly(DLA) is very high, approximately 230 oC,[10] which 

might lead to thermal degradation of the polymer. Therefore, to investigate the effect of the 

high processing temperature on the properties of poly(ST-TMC-ST) specimens, the tensile 

and creep properties of films prepared by compression molding were compared with those of 

films prepared by solvent casting. 

 Porous poly(ST-TMC-ST) structures were prepared, and their recovery behavior 

(resistance to creep) after long-term compressive deformation was evaluated and compared 

with that of high molecular weight porous poly(TMC) specimens. 

 

 

MATERIALS AND METHODS 

 
Materials 

 

Polymer grade 1,3-trimethylene carbonate (TMC) (Boehringer Ingelheim, Germany), L-lactide 

(LLA) and D-lactide (DLA) (Purac Biochem, The Netherlands) were used without further 

purification. Stannous octoate (SnOct2) (stannous 2-ethylhexanoate) (Sigma, USA) and 1,6-

hexanediol (Aldrich, Germany) were used as received.  

Polymers were synthesized by ring-opening polymerization under inert atmosphere using stannous 

octoate as a catalyst at 130 oC. High molecular weight poly(TMC) (Mn = 230×103 g/mol, Tg = −21 oC) 

was synthesized and purified as previously described[14]. ABA triblock copolymers, where A is a 

poly(LLA) or poly(DLA) hard block and B is a poly(TMC) rubber block (abbreviated as poly(LLA-

TMC-LLA) and poly(DLA-TMC-DLA)) were prepared by initiation of the TMC (0.2 mol) ring 

opening polymerization with 1,6-hexanediol (0.82 mmol), followed by subsequent ring-opening 
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polymerization of either L- or D-lactide (0.067 mol) using the α−ω hydroxy terminated poly(TMC) 

pre-polymer as initiator.[12]. The synthesized triblock copolymers were purified by precipitating 

chloroform solutions of the polymers into methanol and characterized as previously described[12] by 

nuclear magnetic resonance (1H-NMR) spectroscopy (300 MHz, Varian Inova, USA), gel permeation 

chromatography (GPC, using chloroform as eluent) and differential scanning calorimetry (DSC, 

Perkin Elmer, Pyris 1, at a scan rate of 10 oC/min) after drying in vacuo. 

A stereocomplex (poly(ST-TMC-ST)) of equal amounts of poly(LLA-TMC-LLA) and poly(DLA-

TMC-DLA) triblock copolymers was formed by co-precipitation or solvent casting methods using 

polymer solutions (10 wt/vol %) in chloroform.[12]  

 

Mechanical properties of poly(TMC) and poly(ST-TMC-ST) 

 

Solvent-cast poly(ST-TMC-ST) films were prepared by casting mixtures of equal amounts of 10 

wt/vol % poly(LLA-TMC-LLA) and poly(DLA-TMC-DLA) solutions in chloroform onto glass 

plates, using a casting knife of 750 µm thickness. After drying, this resulted in films with a thickness 

of 60 to 90 µm, from which strips measuring 5 mm × 100 mm (ASTM D882-91) were cut. 

Poly(TMC) and poly(ST-TMC-ST) was compression molded in stainless steel molds to yield films 

measuring 500 µm × 5 mm × 100 mm (ASTM D882-91) and discs measuring 13 mm in diameter and 

6 mm in height (ASTM D395-89B) using a laboratory press (Fonteijne THB008, The Netherlands). 

The molding temperatures were 140 oC for poly(TMC) and 191 oC for poly(ST-TMC-ST). The 

poly(ST-TMC-ST) specimens were annealed at 50 oC in the press for 30 min before they were cooled 

down to room temperature. 

Tensile tests were carried out in duplicate at room temperature according to ASTM D882-91 

specifications using solvent-cast and compression-molded strips. A Zwick Z020 universal tensile 

tester equipped with a 10 N load cell was operated at a crosshead speed of 50 mm/min. The specimen 

deformation was derived from the grip-to-grip separation, which initially was 50 mm. The determined 

values of the Young’s modulus are only an indication of the stiffness of the different materials. 

Short-term static tensile creep tests in accordance to ASTM D2990-95 were also carried out using 

the tensile tester. Specimens were loaded to a stress corresponding to 10 % of the yield stress, and the 

creep rates were determined within 1 h as the minimal slope of the strain-time curves.[15] Long-term 

static tensile creep tests were performed by attaching a dead weight corresponding to 20 or 40% of 

the yield stress to vertically mounted 5 mm × 100 mm strips.[16] The elongation in time was 

measured with a cathetometer (Heerbrugg, Switzerland), by measuring the distance between two 
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marks initially 50 mm apart, at an accuracy of 0.1 mm. The plateau creep rates were determined from 

the slope of the linear part of the strain-time curves. To measure the elasticity of the specimens, the 

permanent deformation (after removal of the weights) was measured after a recovery period of 24 or 

100 h. 

 

Preparation and characterization of porous structures 

 

Poly(TMC) or equal amounts of poly(LLA-TMC-LLA) and poly(DLA-TMC-DLA) were dissolved 

in chloroform to a final concentration of 5 wt/vol %. NaCl was sieved to a particle size range of 106-

250 µm and added to the vigorously stirred polymer solutions. The amount of salt was adjusted to 

give a salt to polymer ratio of 80:20 vol/vol. The salt-containing suspensions were precipitated into a 

ten-fold volume of isopropanol and the formed fibrous polymer/salt composites were dried and 

compression molded into discs according to ASTM D395-89B specifications (see above). Porous 

poly(TMC) and poly(ST-TMC-ST) structures were obtained after leaching of the compression-

molded, salt-containing polymer precipitates[13] with water at 4oC. Removal of the water from the 

scaffold was done by freeze-drying.  

The porosity of the prepared porous structures was determined in triplicate by measuring their 

dimensions and mass. The density of non-porous compression-molded poly(TMC) is 1.33 ± 0.03 

g/cm3 and  that of poly(ST-TMC-ST) is 1.21 ± 0.02 g/cm3. The average pore size and pore 

interconnectivity of the structures was evaluated by scanning electron microscopy (SEM) using a 

Hitachi S800 (Japan) field emission scanning electron microscope operating at 3-5 kV. Cross-sections 

were coated with a gold layer (Polaron E5600 sputter-coater, UK).  

To determine the elasticity of the polymer and the porous polymer scaffolds after prolonged 

compressive deformation, the compression set of compression-molded solid and porous discs were 

determined in duplicate according to ASTM D395-89B. A compressive deformation of 25 % was 

applied to the discs for 24 h at ambient conditions. After removal of the specimen from the 

compression device, the residual deformation was measured after 30 min, 1 d and 1 wk. The 

compression set is defined as the ratio of the residual deformation and the initially applied 

deformation. 
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RESULTS AND DISCUSSION 

 

The characteristics of the synthesized and purified TMC and L-lactide or D-lactide ABA 

triblock copolymers (poly(LLA-TMC-LLA) and poly(DLA-TMC-DLA)) and of the 

stereocomplex (poly(ST-TMC-ST)) obtained after co-precipitation of equal amounts of the 

enantiomeric triblock copolymers are given in Table 1.  

 

Table 1. Characteristics of TMC and L-lactide or D-lactide ABA triblock copolymers and of their 

stereocomplex obtained by co-precipitation. 

 

TMC pre-
polymer 

Purified ABA triblock copolymer Triblock copolymer 

Mn 
(×103) a) 

LA  
(mol%) b) 

Mn 
(×103) a) 

Poly(lactide) block 
length (×103 ) c) 

Tg 
d) 

(oC) 
Tm 

d) 
(oC) 

Poly(LLA-TMC-LLA) 16.4 17.5 23.8 2.7 −12.4 150.3 
Poly(DLA-TMC-DLA) 16.5 14.2 21.8 2.1 −15.0 139.9 
Poly(ST-TMC-ST) e     −15.8 190.9 

 
a) Determined by GPC.  
b) Lactide content in the purified triblock copolymer as determined by 1H-NMR. 
c) Poly(lactide) block length, calculated from the lactide content and Mn of the purified triblock 

copolymer. 
d) Determined by DSC in the 1st heating scan at a rate of 10 oC/min. 
e) Stereocomplex formed by co-precipitation of equal amounts of poly(LLA-TMC-LLA) and 

poly(DLA-TMC-DLA). 

 

From the table, it can be seen that poly(ST-TMC-ST) precipitates show a high melting 

temperature of 191 oC. To be able to process this material in the melt, high temperatures need 

to be applied which might result in thermal degradation of the lactide containing polymers 

and a deterioration in mechanical properties. 

Preliminary experiments revealed that it was possible to compression mold these 

stereocomplexes at 191 oC, i.e. at the peak melting temperature of poly(ST-TMC-ST). To 

assess the effect of compression molding at this temperature on thermal degradation of 

poly(ST-TMC-ST), molecular weight determinations by GPC cannot be performed, as the 

stereocomplex is not well soluble in chloroform. Therefore, the effect of temperature on the 
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tensile properties and creep behavior of the compression-molded specimens was investigated. 

Table 2 shows a comparison of the mechanical properties in tensile tests and creep rates 

between compression-molded and solvent-cast poly(ST-TMC-ST) films. Also the properties 

of high molecular weight poly(TMC) (as a reference material) are given in the table. 

 

Table 2. Tensile properties of solvent-cast and compression-molded poly(TMC) and poly(ST-TMC-

ST) specimens. 

 

 E-modulus 
(MPa) 

σyield 

(MPa) 
εyield 

(%) 
σmax 

(MPa) 
εbreak 

(%) 
ε� d) 

(×10−5 s−1) 
Poly(TMC) a),  b) 6.8 2.6 139 24 820 n.d.e) 
Poly(TMC) c) 5.9±0.1 1.8±0.1 132±3 3.1±0.3 995±50 2.9 
Poly(ST-TMC-ST) a) 28.3±0.5 3.3±0.1 85±4 3.3±0.1 170±10 0.17 
Poly(ST-TMC-ST) c) 17.3±2.6 1.7±0.1 63±12 1.7±0.1 90±20 0.13 

 
a) Solvent-cast films. b) Data from reference [14]. c) Compression-molded films. d) Short-term creep 

rate, ε� , measured after 1 h upon loading the specimen to 10% of σyield. e) Not determined. 

 

For all specimens, Table 2 shows that solvent-cast films have higher values of E-modulus, 

yield stress, elongation at yield and maximal tensile strength than compression-molded 

materials. This can probably be related to differences in thickness of the specimens. 

Although the E-modulus values of solvent-cast and compression-molded poly(ST-TMC-ST) 

specimens are higher than those of poly(TMC), these materials are still very flexible with a 

low yield stress and a high elongation at break. Most remarkable is the significantly reduced 

creep rates in short-term experiments of poly(ST-TMC-ST) compared with those of 

poly(TMC). 

The long-term static creep behavior of compression-molded poly(TMC) and poly(ST-

TMC-ST) specimens was investigated. In Table 3 the loading conditions of the specimens 

and the resulting times to fracture, plateau creep rates ( ε� plateau) and the permanent 

deformation at a given loading time are presented. 
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Table 3. Long-term creep behavior of compression-molded poly(TMC) and poly(ST-TMC-ST) 

specimens. 

 

 Polymer Applied 
stress 

(% of σyield) 

Time 
(min) 

ε� plateau 
(10−5 s−1) 

Strain c) 

(%) 
Permanent 

deformation (%) 

1 Poly(TMC) 20% 2360 a) 1.6 1824 fracture 
2 Poly(TMC) 20% 480  b) 1.9 78 12 d) 
3 Poly(ST-TMC-ST) 20% 2400 b) 0.022 8 0 e) 

 
4 Poly(TMC) 40% 294 a) 10.0 1022 fracture 
5 Poly(TMC) 40% 120 b) 9.0 87 3 d) 
6 Poly(ST-TMC-ST) 40% 330 b) 0.47 21 0 e) 

 
a) Specimens fractured at this time.  
b) Creep experiment was stopped to determine permanent deformation.  
c) Strain at which the creep experiment was stopped (or fracture occurred).  
d) Permanent deformation measured after100 h recovery. 
e) Permanent deformation measured after 24 h recovery. 

 

To both polymers a stress corresponding to 20% and 40% of σyield, was applied, resulting in 

constant creep of the material. From the long-term strain-time curves, constant creep rates 

could be determined for both materials. These creep rates increase with increasing load.   

When loaded to 20% of σyield, poly(TMC) specimens creep at a rate of 1.6 to 1.9×10−5 s−1, 

fracturing after 2360 min (39 h). At loading to 40% of σyield, the creep rate increases to 9.0 to 

10.0×10−5 s−1 and the specimens fracture after 294 min (5 h).  

In comparison, although the polymers have comparable values of yield stress (see Table 2), 

poly(ST-TMC-ST) specimens show much improved creep-resistance under the same loading 

conditions. The plateau creep rate of compression-molded poly(ST-TMC-ST) is one to two 

orders of magnitude lower than that of poly(TMC). Furthermore, poly(ST-TMC-ST) 

specimens did not break in the time required for poly(TMC) specimens to fracture. At this 

time point the specimens were still deforming at a very low constant creep rate.  

The data in Table 3 also show that the ability of poly(ST-TMC-ST) to recover to its 

original dimensions after removal of the load is much better than that of poly(TMC) 

specimens. After a recovery period of 24 h, the permanent deformation of poly(ST-TMC-ST) 
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was negligible under the applied loading conditions. After the experiment was stopped, the 

specimens were allowed to recover for a period of 100 h, the permanent deformation of 

poly(TMC) specimens was 12% upon loading to 20% of σyield for 480 min and 3% upon 

loading to 40% of σyield for 120 min. 

With the intention of using these polymers in tissue engineering scaffolds, highly porous 

structures were prepared by leaching of compression-molded, salt-containing polymer 

precipitates as described in the experimental part. Using this method porous structures could 

readily be prepared from poly(TMC) and from poly(ST-TMC-ST). 

 

 

 

Figure 1. SEM micrograph of a cross-section of a porous poly(ST-TMC-ST) structure (bar = 200 

µm). 

 

Figure 1 shows the cross-section of a porous structure prepared from poly(ST-TMC-ST). 

The porosities of the obtained structures were 84.8±1.5% for poly(TMC) and 86.6±0.8% for 

poly(ST-TMC-ST). Both scaffolds show interconnected pores with an average pore size 

(determined from SEM) of respectively 120±42 µm and 123±37 µm. These values are in 

good agreement with the volume fraction (80%) and the size range (106-250 µm) of salt 

particles used. Therefore, the porosity and the average pore size can be well controlled when 

employing this method to prepare porous structures from these flexible polymers. 
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Figure 2. Compression set of solid and porous poly(TMC) and poly(ST-TMC-ST) discs at different 

time periods of recovery after removal of the applied compressive deformation. (The compression set 

is a relative measure of the permanent deformation).   

 

To determine the elastic properties of the porous structures and their ability to recover to 

their original dimensions after prolonged deformation, as during the application of 

mechanical forces to cell-scaffold constructs in tissue engineering, long-term compressive 

deformation tests were performed. 

 Figure 2 shows the compression set of compression-molded solid and porous poly(TMC) 

and poly(ST-TMC-ST) discs. Solid and porous poly(TMC) discs show a large permanent 

deformation after compression of the specimens to 75% of their initial thickness. Even after a 

recovery period of 1 wk, the compression set is higher than 70%. It is clear from the figure 

that solid and porous discs of poly(ST-TMC-ST) show much better recovery behavior, the 

compression sets are approximately 60% after 30 min and lower than 40% after 1 wk. This 

shows that it is possible to prepare highly porous structures from elastomeric poly(ST-TMC-

ST) materials that possess excellent resistance to creep under long-term loading conditions. 

The degradation behavior of these porous structures has been studied and the results are 

shown in Appendix A of this thesis. 
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CONCLUSIONS 

 
It was found possible to prepare poly(ST-TMC-ST) specimens by compression molding co-

precipitated mixtures of poly(LLA-TMC-LLA) and poly(DLA-TMC-DLA). These 

specimens show good tensile properties, excellent creep-resistance and complete recovery 

behavior in long-term static tensile creep tests. Well-defined, highly porous poly(ST-TMC-

ST) structures with interconnected pores can be prepared by a method in which poly(LLA-

TMC-LLA) and poly(DLA-TMC-DLA) triblock copolymers together with salt particles are 

co-precipitated, compression molded and leached with water. These highly porous poly(ST-

TMC-ST) discs (porosity 87%, pore size 123 µm) have very good recovery behavior after 

prolonged compressive deformation. These results show that poly(ST-TMC-ST) materials 

and scaffolds are attractive for use in cell culturing and tissue engineering when long-term 

mechanical deformation of the structures is desired. 
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ABSTRACT 

 

In this study, the potential of poly(trimethylene carbonate) (PTMC) and monomethoxy 

poly(ethylene glycol)-poly(trimethylene carbonate) (mPEG-PTMC) microparticles for 

delivery of hydrophilic drugs was investigated. PTMC and mPEG-PTMC microparticles, 

loaded with hydrophilic model compounds i.e. Bovine Serum Albumin (BSA), lysozyme, 

and Coomassie® Brilliant Blue G (a blue dye), were prepared by a double emulsion 

method. All these hydrophilic compounds can be loaded in the PTMC and mPEG-PTMC 

microparticles with high loading efficiencies. Sustained release of Coomassie® Brilliant 

Blue G was observed and more than 90% of the loaded blue dye was released in 60 days. 

 

 

 

 

                                                 
* Part of this Chapter is published in J. Controlled Release, 2005; 101:392-394. 
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INTRODUCTION 

 

Controlled release of proteins, peptides and DNA fragments has attracted much 

attention because of the developments in protein engineering, peptide synthesis and 

recombinant DNA technology. Due to the short in vivo circulation half-life times of these 

hydrophilic compounds, sustained release systems are of great importance.  

Nanoparticles and microparticles based on (co)polymers of lactide and glycolide have 

been developed as carriers in drug delivery applications. However, the degradation 

characteristics of these polymers result in the liberation of acidic degradation compounds 

that can lead to denaturation and deactivation of the loaded active components. 

Poly(trimethylene carbonate) (PTMC) degrades in vivo by surface erosion without the 

formation of acidic compounds.[1] In this study, we investigate the preparation of PTMC 

and mPEG-PTMC microparticles and their applicability in delivery of hydrophilic 

compounds.   

 

 

MATERIALS AND METHODS 

 

Polymer grade 1,3-trimethylene carbonate (TMC) was purchased from Boehringer (Ingelheim, 

Germany). Monomethoxy poly(ethylene glycol) (mPEG3, Mn = 3000 g/mol) was obtained from 

Shearwater Polymers (Huntsville, USA). Stannous octoate (SnOct2), Bovine Serum Albumin 

(BSA) (minimum 98% pure) and lysozyme from chicken egg white (3× crystallised, dialysed and 

lyophilised) were purchased from Sigma (St. Louis, USA). Coomassie® Brilliant Blue G (a blue 

dye) was purchased from Aldrich (Milwaukee, USA). These materials were used as received. 1-

Hexanol (Merck, Germany) was distilled over CaH2 (Acros, Belgium) before use.  

PTMC homopolymer (Mn = 69×103 g/mol, PTMC69) and mPEG-PTMC diblock copolymer (Mn 

of PTMC block = 52.9×103 g/mol, mPEG3-PTMC53) were prepared by ring opening 

polymerization of TMC using 1-hexanol or mPEG3 as an initiator and SnOct2 as a catalyst.[2] The 

polymer characteristics determined by 1H-NMR and by GPC are shown in Table 1.  
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Table 1. Characteristics of PTMC69 homopolymer and mPEG3-PTMC53 diblock copolymer. 

 

Purified polymer Polymer Targeted Mn 
(103g/mol) Mn a) 

(103g/mol) 
Mn b) 

(103g/mol) 
Mw/Mn

b) [η] c) 
(dL/g) 

PTMC69 50 � 69.2 1.8 1.5 
mPEG3-PTMC53 53 55.9 69.0 2.0 1.2 

 

a) by 1H-NMR. b) by GPC. c) Intrinsic viscosity, by GPC. 

 

Microparticles were prepared by a double emulsion method using PVA (2 wt% in the aqueous 

phase) as a stabilizer. In the first emulsion step (w/o), an aqueous phase containing 25 mg protein 

or 20 mg Coomassie® Brilliant Blue G was emulsified in 5 ml polymer solutions in 

dichloromethane. The obtained organic phase was then emulsified in an aqueous phase in the 

second emulsion step (w/o/w). After the double emulsion process, particles were formed upon 

evaporation of dichloromethane; the particles were then rinsed with water and freeze-dried.[3]  

The protein loading efficiency was determined by elemental analysis. The loading efficiency 

and the release in water at 37 oC of Coomassie® Brilliant Blue G were determined by UV 

absorption at 616 nm. The release experiments were conducted in duplicate.  

 

 

RESULTS AND DISCUSSION 

 

Spherical microparticles of PTMC69 and mPEG3-PTMC53, 1 to 50 µm in diameter, were 

formed after double emulsion processes. Microparticles of both polymers could readily be 

loaded with hydrophilic model compounds of different molecular weights: i.e. BSA (66 

kg/mol), lysozyme (14 kg/mol) and Coomassie® Brilliant Blue G (a blue dye, 854 

g/mol). Figure 1 shows light microscopy images of the mPEG3-PTMC53 microparticles 

loaded with Coomassie® Brilliant Blue G and with lysozyme. Coomassie® Brilliant Blue 

G was evenly distributed in the microparticles (Figure 1A). Moreover, it can be seen that 

the shape and size of the microparticles loaded with lysozyme did not change after 

redispersed from freeze-drying (Figure 1B and 1C). 
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A B 

 

C 

 

 

Figure 1. Light microscopy images of mPEG3-PTMC53 microparticles.  

A) A microparticle loaded with Coomassie® Brilliant Blue G.  

B) Microparticles loaded with lysozyme.  

C) Microparticles loaded with lysozyme, after freeze-drying and redispersion.  

(Color picture on page 168) 

 

The loading efficiencies of BSA and lysozyme into PTMC69 and mPEG3-PTMC53 

microparticles are listed in Table 2. Clearly, the concentration of the polymer in the 

organic phase during the double emulsion process significantly influences the loading 

efficiency. When 50 mg/ml polymer solutions were used, protein loading was negligible.  

At 100 mg/ml, high loading efficiencies (above 75%) were achieved for PTMC69 

microparticles, while the loading efficiency of mPEG3-PTMC53 microparticles was below 

approximately 20%. Increasing the polymer concentration to 140 mg/ml resulted in high 

loading efficiencies for both polymers. 

 

Table 2. Loading efficiencies of BSA and lysozyme into PTMC69 and mPEG3-PTMC53 

microparticles.  

 

Loading efficiency (%) Polymer Polymer concentration  
(mg/ml) BSA Lysozyme 

50 0 0 
100 78.8 77.9 

PTMC69 

140 95.3 90.2 
50 0 0 

100 11.3 20.1 
mPEG3-PTMC53 

140 71.2 77.4 
 

When the employed polymer concentrations are higher than 100 mg/ml, PTMC69 

microparticles can be loaded more efficiently with protein, as compared to mPEG3-
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PTMC53 microparticles. This can be related to the difference in viscosity: at a same 

polymer concentration (100 mg/ml or 140 mg/ml), a solution of PTMC69 in 

dichloromethane has a higher viscosity than a solution of mPEG3-PTMC53 in 

dichloromethane. Table 2 also shows that for PTMC69 and mPEG3-PTMC53 

microparticles, there is no significant difference between the loading efficiency of BSA 

and that of lysozyme.  

To study the release behavior of the loaded compounds from PTMC69 and mPEG3-

PTMC53 microparticles, Coomassie® Brilliant Blue G was used as it allows convenient 

visual observation. Furthermore, the concentration of Coomassie® Brilliant Blue G in the 

release medium can be conveniently detected by UV.  

Coomassie® Brilliant Blue G cannot be loaded into the microparticles when the 

polymer concentration of the organic phase employed in the double emulsion process is 

60 mg/ml or lower. When 140 mg/ml mPEG3-PTMC53 solutions or 100 mg/ml PTMC69 

solution is used, the loading efficiency is 80.0% for mPEG3-PTMC53 or 78.0% for 

PTMC69 microparticles, respectively.  

Figure 2 shows the aqueous phases after loading Coomassie® Brilliant Blue G into 

mPEG3-PTMC53 microparticles. The polymer concentration in dichloromethane was 140 

mg/ml. The amount of added Coomassie® Brilliant Blue G is that: in case that the blue 

dye fully released, its concentration in the supernatant would be 200 µg/ml. A series of 

aqueous solutions of the blue dye (diluted from 200 µg/ml to 25 µg/ml) are also shown in 

Figure 2.  

  

 
 

Figure 2. Aqueous solutions of Coomassie® Brilliant Blue G (diluted from 200 µg/ml to 25 

µg/ml) and the aqueous phases obtained from the preparation of mPEG3-PTMC53 microparticles: 

A) Supernatant obtained immediately after the second (o/w) emulsion;  

B) Supernatant after solvent evaporation.  

(Color picture on page 168) 
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Sample A in Figure 2 is the supernatant obtained immediately after the second (o/w) 

emulsion step. As compared to the color of the Coomassie® Brilliant Blue G solutions of 

known concentrations, the concentration of the blue dye in sample A is approximately 25 

µg/ml. (this means that about 87.5% of the blue dye has been loaded into the 

microparticles.) The color of sample B, the supernatant after evaporation of 

dichloromethane, is slightly more bluish. This indicates that during evaporation step, only 

little amount of the loaded Coomassie® Brilliant Blue G is lost. 

Figure 3 shows cumulative release profiles of Coomassie® Brilliant Blue G from 

PTMC69 and mPEG3-PTMC53 microparticles. For microparticles of both polymers, 

sustained release profiles of the blue dye were achieved. More than 90% of the loaded 

Coomassie® Brilliant Blue G was released in 60 days.  
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Figure 3. Release profiles of loaded Coomassie® Brilliant Blue G from PTMC69 and 

mPEG3-PTMC53 microparticles. 

 

Degradation of mPEG3-PTMC53 in vitro was investigated and the results are shown in 

Appendix B of this thesis. 
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CONCLUSIONS 

 

Microparticles of PTMC69 and mPEG3-PTMC53 were prepared by a double emulsion 

method. The diameters of the microparticles ranged between 1 and 50 µm. After freeze-

drying and redispersion, the shape and size of the microparticles did not change 

significantly. Hydrophilic model compounds (BSA, lysozyme and Coomassie® Brilliant 

Blue G) can be loaded into these microparticles with efficiencies higher than 70%. 

Microparticles loaded with Coomassie® Brilliant Blue G showed a sustained release 

profile of the blue dye. More than 90% of the loaded Coomassie® Brilliant Blue G has 

been release in 60 days.  
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ABSTRACT 

 

In this study, single emulsion and salting out methods were employed to prepare 

poly(trimethylene carbonate) (PTMC) and monomethoxy poly(ethylene glycol)-block-

poly(trimethylene carbonate) (mPEG-PTMC) nanoparticles. Well-defined nanoparticles of a 

PTMC homopolymer were prepared using poly(vinyl alcohol) (PVA) as a stabilizer. The 

average size of the nanoparticles can be adjusted by varying the stirring speed and polymer 

concentration. These particles can be readily freeze-dried and redispersed, with little 

influence on the average particle size and size distribution. Nanoparticles based on 

amphiphilic mPEG-PTMC can be prepared without an additional stabilizer. In this case, the 

size of the obtained nanoparticles did not vary much and ranged between 95 and 120 nm. 

These nanoparticles could be freeze-dried and redispersed as well. Using the salting out 

                                                 
* J. Controlled Release, accepted (2005) 
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method, dexamethasone was loaded into PTMC and mPEG-PTMC nanoparticles at a highest 

efficiency of respectively 54% and 88%. With the single emulsion method, the loading 

efficiencies were, respectively, 91% and 72%. These drug-loaded particles were stable in 

time for at least 20 wks. It was found that the release of dexamethasone from these 

nanoparticles was diffusion-controlled and could be sustained for 14 to 60 d. Depending on 

the nature of the polymer employed and the preparation method, dexamethasone diffusion 

coefficients varied between 4.8×10−18 and 22.6×10−18 cm2/s.  

 

 

INTRODUCTION 

 

The first polymeric nanoparticles for the controlled drug delivery were developed in 

1970s.[1-4] Since then, much research has been carried out to prepare such systems from 

biodegradable polyesters.[5-7] However, the degradation products resulting from polyester 

hydrolysis can lead to an increase in acidity, which could be deleterious to the loaded active 

drug components.[8] Also the autocatalytic bulk degradation behavior of polyesters[9] may 

result in an accelerated release of the drug at the late stages of the degradation process. 

Poly(trimethylene carbonate) (PTMC) degrades in vivo by surface erosion without the 

formation of acidic compounds.[10, 11] Recently, we found that PTMC homopolymer and its 

block copolymer with monomethoxy poly(ethylene glycol) (mPEG-PTMC) is stable in 

water, but can be degraded in lipase solutions by an enzymatic surface erosion process.[11, 12]  

In spite of their advantageous properties with regard to degradation, TMC-based 

(co)polymers have not been widely used in the preparation of drug delivery systems. A few 

examples are the release of hydrophobic drugs from films based on poly(1,4-dioxan-2-one-

co-TMC) random copolymers,[13] PTMC-PEG-PTMC triblock copolymers,[14] and PTMC 

and poly(adipic anhydride) blends.[15] Also self-assembling mPEG-poly(ε-caprolactone-co-

TMC) micelles for the oral delivery of poorly water-soluble drugs has been reported.[16] We 

have reported on the characteristics of microparticles based on PTMC and mPEG-PTMC 

block copolymers for the loading and release of hydrophilic model compounds (Coomassie® 

Brilliant Blue G, lysozyme and BSA) as well.[17]  
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Very recently, the properties of PTMC-PEG-PTMC nanoparticles for the controlled release 

of methotrexate (a hydrophobic, anticancer drug) were reported.[18] These nanoparticles were 

prepared by a dialysis technique, which resulted in relatively low loading efficiencies of 7 to 

30 %. Hydrophobic drugs can be loaded into polymeric nanoparticles at higher loading 

efficiencies using salting-out[19] and single emulsion[20] methods. The salting-out method 

consists of the emulsification of a polymer solution in a water-miscible solvent in an aqueous 

salt solution. Due to the high salt concentration the phases are immiscible. Upon addition of 

water, nanoparticles are formed as the organic solvent diffuses into the water phase. In the 

single emulsion method a water-immiscible polymer solution is emulsified in an aqueous 

phase. Evaporation of the organic solvent then leads to the formation of nanoparticles. 

In this study, nanoparticles based on PTMC and mPEG-PTMC block copolymer were 

prepared by the salting out and the single emulsion methods. The effects of polymer 

structure, preparation method, stirring speed, polymer concentration, and freeze-drying and 

redispersion on the resulting nanoparticle properties were investigated. These nanoparticles 

were loaded at high efficiencies with dexamethasone, a poorly water-soluble, anti-

inflammatory and immuno-suppressive drug.[21, 22] The stability of the drug-loaded 

nanoparticles and the release profiles of dexamethasone were evaluated.  

 

 

MATERIALS AND METHODS  

 

Materials 

 

Polymer grade 1,3-trimethylene carbonate (TMC) was purchased from Boehringer Ingelheim 

(Germany). Monomethoxy poly(ethylene glycol) (Mn=3×103 g/mol, mPEG3) was obtained from 

Shearwater Polymers (USA) and was used without further purification. Stannous octoate (SnOct2) 

and dexamethasone were purchased from Sigma (USA) and used as received. Poly(vinyl alcohol) 

(PVA, 80% hydrolysed poly(vinyl acetate) with Mn of approximately 9.5×103 g/mol), sodium dodecyl 

sulphate (SDS), and deuterated dimethyl sulfoxide (DMSO) were purchased from Aldrich (USA). 

Magnesium chloride hexahydrate (MgCl2·6H2O) and 1-hexanol were purchased from Merck 

(Germany). 1-Hexanol was distilled over CaH2 (Acros, Belgium) before use. Cellulose ester 

membranes with a molecular weight cut off value (MWCO) of 3500 (Spectrum Laboratories, USA) 
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were used in dialysis experiments. Phosphate buffered saline (PBS, pH = 7.4) was purchased from 

NPBI (Emmer Compascuum, the Netherlands). Water was deionised using a Milli-Q water 

purification system (Millipore, France).  

 

Synthesis of polymers and their characterization 

 

Poly(TMC) (PTMC) and a block copolymer of mPEG3 and PTMC (mPEG3-PTMC) were 

synthesized in dried, freshly silanized glass ampoules. The ampoules were purged with dry argon, 

charged with TMC monomer, initiator and catalyst (2×10–4 mol SnOct2 per mol TMC) and heat-

sealed under vacuum. In the polymerization of TMC, 1-hexanol (2.0×10–3 mol per mol TMC) was 

used as an initiator. In the preparation of mPEG3-PTMC block copolymer, 1.0×10–2 mol mPEG3 per 

mol TMC was employed. Assuming each hydroxyl group initiates a polymer chain, it can be expected 

that PTMC with a molecular weight of 50×103 and mPEG3-PTMC with a total molecular weight of 

13×103 g/mol are prepared. The polymerizations were conducted at 130±1 °C for 3 d. Under these 

conditions monomer conversion was in excess of 99%. The polymers were purified by precipitating 

polymer solutions in chloroform into an excess of hexane and drying in vacuo.  

Matrix Assisted Laser Desorption Ionisation Time-of-Flight (MALDI-TOF) mass spectrometry 

(Voyager-DE-RP, Applied Biosystems/ PerSeptive Biosystems, USA) was performed to determine 

the Mn and Mw/Mn of the employed mPEG3. As a matrix, 2,5-dihydroxybenzoic acid (DHBA) was 

used. The values found were 3.2×103 g/mol and 1.02, respectively. Nuclear magnetic resonance (1H-

NMR) spectroscopy at 300 MHz (Varian Inova, USA) was used to verify the number average 

molecular weight (Mn) of mPEG3, and to determine the composition of the prepared diblock 

copolymer. Gel permeation chromatography (GPC) using chloroform as eluent was employed to 

determine molecular weights and molecular weight distributions.[23] Table 1 shows characteristics of 

the employed polymers. From the result of 1H-NMR, the diblock copolymer is abbreviated as 

mPEG3-PTMC11. 
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Table 1. Characteristics of mPEG3 and the synthesized PTMC homopolymer and mPEG3-PTMC11 

block copolymer 

 

Mn
 b) Mn

 c) Polymer a) Initiator 
(103 g/mol) (103 g/mol) 

Mw/Mn 
c) 

mPEG3  3.1 4.0 d) 1.04 d) 
PTMC 1-hexanol not determined 69.2 1.8 

mPEG3-PTMC11 mPEG3 
mPEG3 block: 3.1 
PTMC block: 10.8 21.4 1.7 

 

a) The subscript refers to the number average molecular weight (Mn) of the polymer (blocks) in 103 

g/mol. 

b) Determined by 1H-NMR.  

c) Determined by GPC.  

d) MALDI-TOF determinations gave values of 3.2×103 g/mol for Mn and 1.02 for Mw/Mn. 

 

 

Preparation of nanoparticles and their characterization  

 

Nanoparticle preparation by the salting out method:[24] 

For the preparation of PTMC nanoparticles, 5.5 ml tetrahydrofuran (THF) solutions containing 1 to 

4 wt% polymer were emulsified in 10 ml aqueous solutions under mechanical stirring at 6500 to 

24000 rpm for 40 s using a homogenizer (T25 Ultraturrax equipped with a S25 dispersing tool, Ika 

Labortechnik, Germany). The aqueous phase contained 60 wt% MgCl2·6H2O and 2 wt% PVA. Then 

another 10 ml of a 0.5 wt% PVA solution in water was quickly added and the stirring was continued 

for another 30 s. As more water is added, the THF and water phases become miscible and stable 

PTMC nanoparticles form. 

The nanoparticles were purified by diluting with an equal volume of a 0.5 wt% PVA solution in 

water, ultra-centrifugation at 25000 rpm for 30 minutes (Centrikon T-2180, Kontron Instruments, 

UK) and removal of the supernatant. Then the nanoparticles were redispersed in 0.5 wt% PVA 

solution in water. The ultra-centrifugation and redispersion steps were repeated twice.  

Nanoparticles from mPEG3-PTMC11 could be prepared without the use of an additional stabilizer. 

The same preparation and purification methods as described above were employed, except that the 

aqueous phase did not contain PVA. 
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Nanoparticle preparation by the single emulsion method: 

PTMC nanoparticles were prepared by emulsifying 7.5 ml of a 1 to 4 wt% solution of polymer in 

CH2Cl2 in 20 ml of water containing 2 wt% PVA under mechanical stirring at 6500 to 24000 rpm for 

40 s. This emulsion was then added to 30 ml of a 0.5 wt% PVA solution in water under mechanical 

stirring at 600 rpm. The stirring was continued at room temperature for 1 hr to evaporate CH2Cl2. The 

formed nanoparticles were purified by ultra-centrifugation and redispersion as described above.  

For the preparation and purification of mPEG3-PTMC11 nanoparticles the same procedure was 

followed except that the aqueous phase did not contain PVA as an additional stabilizer.  

 

Freeze-drying of nanoparticles:  

After purification, the nanoparticle dispersions were frozen in liquid nitrogen for 10 min and freeze-

dried in vacuum for 2 d. Then the freeze-dried nanoparticles were redispersed as described above.  

 

Size determination of nanoparticles by dynamic light scattering:  

The average sizes and the size distributions of the prepared nanoparticles were determined by 

dynamic light scattering (DLS, Zetasizer 4000, Malvern Instruments, UK) at 25 °C from the intensity 

of light (633nm) scattered by the particles at an angle of 90°, taking the average of four 

measurements. The particle size and polydispersity index (P.I.) were determined by the CONTIN-

method. 

 

Loading and release of dexamethasone from PTMC and mPEG3-PTMC11 nanoparticles 

 

As dexamethasone is soluble in organic solvents, dexamethasone-loaded nanoparticles can be 

prepared from common solutions of drug and polymer. Dexamethasone-loaded PTMC and mPEG3-

PTMC11 nanoparticles were prepared by the previously described methods at a stirring speed of 

24000 rpm. In the preparation of dexamethasone-loaded nanoparticles by the salting out method, the 

polymer was dissolved in a dexamethasone solution in THF. The polymer concentration was either 

2.0 wt% (100 mg polymer in 5.5 ml THF) or 5.3 wt% (150 mg polymer in 3 ml THF), while the 

amount of dexamethasone was varied between 16 and 21 wt% relative to the total weight of the 

polymer and the drug. In the preparation by the single emulsion method, solutions in chloroform were 

prepared. The polymer concentration was 2 wt% and the amount of dexamethasone was 

approximately 17 wt% relative to the total weight of the polymer and the drug. The characterization 
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of the drug-loaded nanoparticles was done as previously described after purification by centrifugation 

and redispersion. 

The loading and the loading efficiency of dexamethasone in the nanoparticles were determined by 
1H-NMR in deuterated DMSO after the water was removed by freeze-drying after ultra-

centrifugation. The integral values of characteristic resonances of dexamethasone (1H, δ = 7.28-7.31 

ppm, doublet; 1H, δ = 6.20-6.24 ppm, doublet; 1H, δ = 6.01 ppm, singlet) were compared to those of 

methylene protons in TMC (4H, δ = 4.11-4.17 ppm, triplet), which allows the calculation of the 

loading and loading efficiency. To calculate loading and loading efficiency in the prepared PTMC 

nanoparticles, PVA was not added in the redispersion steps. It should be noted that this leads to 

aggregation of the particles. 

To investigate the release profiles of dexamethasone, the PTMC nanoparticles loaded with 

dexamethasone were redispersed in water containing 0.5 wt% PVA, while mPEG3-PTMC11 

nanoparticles were redispersed in water. The final nanoparticle concentrations were 7.5 mg/ml. 

Of the nanoparticle dispersions, 1 ml was added in a dialysis bag and dialyzed at 37 oC against 75 

ml water containing 0.03 wt% SDS as the release medium. Under these conditions, the maximum 

concentration of dexamethasone that can be reached (15 µg/ml) was less than 10% of the maximum 

solubility of dexamethasone in the release medium, as it was found that dexamethasone could be 

dissolved in the SDS-containing water at a concentration of 150 µg/ml. Sink conditions are therefore 

ensured.[25] 

At regular time intervals, 3 ml samples were taken from the release medium, which was   

replenished with 3 ml water containing 0.03 wt% SDS. The amount of released dexamethasone was 

determined by UV at a wavelength of 242 nm (Cary 300 Bio UV-Visible spectrophotometer, Varian, 

the Netherlands). The release experiments were performed in duplicate. 

 

Nanoparticle stability 

 

The stability of dexamethasone-loaded PTMC and mPEG3-PTMC11 nanoparticle dispersions (7.5 

mg/ml) at 37 oC was investigated by determining the particle size at regular time intervals by DLS. In 

the case of PTMC nanoparticles the water contained 0.5 wt% PVA. 

To evaluate potential changes in composition of the nanoparticles due to polymer degradation, a 

non-loaded mPEG3-PTMC11 nanoparticle dispersion in water (5 mg/ml) was prepared by the single 

emulsion method and kept at 37 oC. At regular time intervals, the size and molecular composition of 

the nanoparticles were determined by DLS and 1H-NMR, respectively. The experiments were 

performed in duplicate. 
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RESULTS AND DISCUSSION 

 

Preparation and characterization of PTMC and mPEG3-PTMC11 nanoparticles 

 

In controlled release applications using systemically injected particles, the size of the 

particles is important as it was found that particles with sizes ranging from 70 nm to 200 nm 

have the most prolonged circulation time due to the least accumulation in the liver and in the 

spleen.[26] In vitro, phagocytosis of polystyrene and phenylated polyacrolein microspheres 

by macrophages was most pronounced for particles with a diameter of 1 to 2 µm, and particle 

uptake gradually decreased as their size decreased.[27] We employed two commonly used 

methods (salting out and single emulsion methods) to prepare nanoparticles of PTMC and 

mPEG3-PTMC11 polymers. The properties of the polymers are shown in Table 1. The effects 

of stirring speed and polymer concentration on the size of the nanoparticles were 

investigated.  

The PTMC homopolymer is hydrophobic; therefore the surface that is created during an 

emulsification step needs to be stabilized. For this reason, in the preparation of PTMC 

nanoparticles by both methods, the aqueous phase contained water-soluble PVA (2 wt%) as a 

stabilizer. The relationships of the stirring speed and the polymer concentration with the size 

of the prepared PTMC particles are shown in Figure 1.   

Using the single emulsion method, well-defined PTMC nanoparticles with sizes between 

285 and 426 nm and a polydispersity index (P.I.) smaller than 0.2 could be obtained at 

stirring speeds above 13500 rpm. The particle size strongly depended on the stirring speed 

and polymer concentration. The smallest particles were formed at the highest stirring speed 

and at the lowest concentration of polymer in the organic phase. This result can be expected 

as the size of the formed droplets in the emulsification process is related to the total energy 

input and viscosity of the polymer solutions. 
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Figure 1. (A) Average size of PTMC particles prepared at different stirring speeds when the polymer 

concentration in the organic phase is 2 wt%. (B) Average size of the prepared PTMC particles at 

different polymer concentrations when the stirring speed is 24000 rpm.  

The numbers correspond to the polydispersity index values of the particle size distributions. All 

experiments were performed in duplicate.   
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When applying the salting out method, PTMC nanoparticles with sizes between 183 and 

251 nm were formed. The effects of stirring speed and polymer concentration on nanoparticle 

size were less pronounced than in the single emulsion method and always much smaller 

particles were obtained under comparable conditions. These differences are probably due to 

the fact that the organic solvent used in the salting out method (THF) is water miscible, while 

CH2Cl2, which is used in the single emulsion method, is not. The required energy in forming 

droplet surfaces is therefore expected to be less in the salting out method. 

Often, in biomedical applications, the use of a stabilizer such as PVA is not desired. 

Therefore, we investigated the preparation of nanoparticles from self-stabilizing, amphiphilic 

mPEG3-PTMC11 block copolymers as well. Such particles have the additional advantage that 

circulation times are much increased as their clearance in vivo is decreased or delayed.[20] 

From mPEG3-PTMC11 block copolymers, well-defined nanoparticles with sizes of 

approximately 100 nm could readily be prepared by both the salting out and the single 

emulsion methods without the use of an additional stabilizer. Interestingly, the size of the 

nanoparticles did not vary significantly in spite of the large variations in stirring speeds 

(between 600 and 24000 rpm) and polymer concentrations (between 1 and 10 wt%), and was 

always between 95 and 120 nm. The polydispersity index values were always smaller than 

0.2. These results illustrate the low energy input required to prepare the nanoparticles and the 

self-stabilizing properties of the mPEG segment in the mPEG3-PTMC11 polymer.  

In pharmaceutical applications it is important to be able to store the (drug-loaded) 

nanoparticles. Often, the particles are freeze-dried and then redispersed at a later stage. Table 

2 shows the average sizes and the P.I. of the redispersed PTMC and mPEG3-PTMC11 

nanoparticles before and after freeze-drying, and after keeping the dispersed nanoparticles for 

2 wks at room temperature.  

PTMC nanoparticles were obtained by freeze-drying a dispersion in water containing 0.5 

wt% PVA. The freeze-dried nanoparticles could be redispersed in water at room temperature 

in a few hrs, without significant changes in average size and the P.I. of the nanoparticles. 

mPEG3-PTMC11 nanoparticles, obtained after freeze-drying aqueous dispersions only, i.e. 

without PVA stabilizer in the aqueous phase, could also be redispersed. The required 

redispersion time had extended to 1 d. Although the average size and P.I. of the nanoparticles 

increased significantly after freeze-drying and redispersion, keeping the dispersions at room 
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temperature for 2 wks decreased these values. More effective redispersion methods to 

prepared mPEG3-PTMC11 nanoparticles, such as sonication, might be required in preparing 

the final dispersions before use. 

 

Table 2. Average sizes and P.I. values of redispersed nanoparticles before and after freeze-drying, 

and after keeping the redispersed nanoparticles for 2 wks at room temperature. Experiments were 

performed in duplicate. 

  

Before  
freeze-drying 

After freeze-drying 
and redispersion 

2 wks after freeze-
drying and 

redispersion 

Polymer a) Method b) 

Size (nm) P.I. Size (nm) P.I. Size (nm) P.I. 
PTMC s.o. 181±1 0.17 184±3 0.21 183± 2 0.18 
PTMC s.e. 316 ± 3 0.13 334± 4 0.17 321± 5 0.16 
mPEG3-PTMC11 s.o. 113± 1 0.19 270± 5 0.50 188± 7 0.18 
mPEG3-PTMC11 s.e. 110± 5 0.13 214± 4 0.52 179± 7 0.13 

 
a) PTMC nanoparticles were obtained by freeze-drying a dispersion in water containing 0.5 wt% PVA, 

mPEG3-PTMC11 nanoparticles were obtained by freeze-drying a dispersion in water. 
b) s.o. = salting out method; s.e. = single emulsion method. 

 

Loading and release of dexamethasone from PTMC and mPEG3-PTMC11 nanoparticles 

 
Dexamethasone is a well-known compound that inhibits many of the pathways involved in 

restenosis due to its anti-inflammatory and immuno-suppresive properties.  It is a 

hydrophobic drug, which is poorly soluble in water, but has good solubility in organic 

solvents such as THF and chloroform. Therefore, dexamethasone is a relevant model 

compound to perform loading and release studies with. It can be loaded into the PTMC and 

mPEG3-PTMC11 nanoparticles by dissolving the drug in the organic phase during preparation 

of the nanoparticles.  

Table 3 shows characteristics of dexamethasone-loaded nanoparticles prepared by the 

salting out method and the single emulsion method as previously described. In drug delivery 

applications, a high loading efficiency is desired. In our studies, we aimed at loading the 

nanoparticles with an amount of dexamethasone that ranged between 16.0 wt% and 20.7 

wt%. The addition of dexamethasone to the organic phase did not influence average sizes and 
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polydispersity index values of the formed nanoparticles. In all cases, the average sizes of 

dexamethasone-loaded nanoparticles agreed well with those of non-loaded nanoparticles. 

Also the values of the polydispersity index remained low.  

 

Table 3. Characteristics of dexamethasone-loaded PTMC and mPEG3-PTMC11 nanoparticles. 

 

Loading (wt%) Entr
y 

Polymer Stabiliz
er 

[Polymer]  
(wt%) 

Size 
(nm) 

P.I. 
aim achieved 

Loading 
efficiency 

Salting out method 
1 PTMC PVA 2.0 a) 181 0.17 20.7 2.0 9.7% 
2 mPEG3-PTMC11 None 2.0 a) 116 0.21 20.7 3.6 17.4% 
3 PTMC PVA 5.3 b) 186 0.05 16.0 8.7 54.4% 
4 mPEG3-PTMC11 None 5.3 b) 95 0.20 16.0 14.1 88.1% 

Single emulsion method 
5 PTMC PVA 2.0 c) 261 0.10 17.1 15.6 91.2% 
6 mPEG3-PTMC11 None 2.0 c) 103 0.17 16.4 11.8 72.0% 

 

a) 100 mg polymer per 5.5 ml THF was emulsified in 20 ml aqueous phase.  

b) 150 mg polymer per 3 ml THF was emulsified in 20 ml aqueous phase.  

c) 150 mg polymer per 5 ml chloroform was emulsified in 20 ml aqueous phase. 

 

In the salting out method, dexamethasone is dissolved in the organic phase (THF). When 

the polymer concentration in this phase was 2.0 wt%, PTMC and mPEG3-PTMC11 

nanoparticles were prepared in which the dexamethasone loading was only 2.0 wt% and 3.6 

wt%, respectively. These values correspond to loading efficiencies below 20%. During the 

solidification process of the particles, THF is rapidly extracted with water. As 

dexamethasone is readily soluble in THF, a significant loss of the drug could occur. To 

increase the efficiency of the drug loading process, the amount of THF needs to be 

decreased. Therefore, the polymer concentration in the organic phase was increased to 5.3 

wt%. Now, much higher loading efficiencies, of respectively 54% and 88%, were achieved 

for PTMC and mPEG3-PTMC11 nanoparticles prepared with the salting out method.  

When the polymer concentration was only 2 wt%, the single emulsion method allowed the 

preparation of PTMC and mPEG3-PTMC11 nanoparticles with very high dexamethasone 

loading efficiencies of respectively 91% and 72%. These high loading efficiencies are 

probably due to the fact that chloroform, the organic solvent in the single emulsion method, 
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is immiscible with water and slowly evaporates during the solidification process. 

Consequently, loss of dexamethasone into the aqueous phase is limited.  

To investigate the effect of the polymer used and the preparation method employed on the 

dexamethasone release properties of the nanoparticles, release experiments were conducted 

using dispersions of nanoparticles with the highest drug loading efficiencies (entries 3 to 6 in 

Table 3). The amount of drug-releasing particles was chosen to ensure that sink conditions 

were met throughout the experiment. 

At regular time intervals, the amount of dexamethasone released in the medium was 

determined using UV spectroscopy. The cumulative dexamethasone release profiles are 

shown in Figure 2.  
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Figure 2. Cumulative dexamethasone release profiles from drug-loaded nanoparticles 

(entries 3 to 6 in Table 3) in water containing 0.03 wt% SDS at 37 oC. The experiments were 

performed in duplicate. 

 

Figure 2 shows that the release of dexamethasone from both PTMC and mPEG3-PTMC11 

nanoparticles prepared by the salting out method is relatively fast; most of the drug was 

released within 2 wks. The release of dexamethasone from nanoparticles prepared by the 
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single emulsion method was slower, especially in the case of PTMC nanoparticles. From 

these particles dexamethasone was released throughout a period of 60 d. NMR analyses of 

the nanoparticles at the end of the experiments confirmed the complete release of 

dexamethasone. 

 

Stability of dexamethasone-loaded PTMC and mPEG3-PTMC11 nanoparticles 

 

As a change in the average particle size of a dispersion of the nanoparticles would imply a 

reduced stability, we carried out DLS particle size determinations of dexamethasone-loaded 

nanoparticles for prolonged periods of time at 37 oC. The same nanoparticles as used in the 

release experiments (Figure 2), which were prepared from different polymers and by 

different preparation methods (entries 3 to 6 in Table 3), were used. Figure 3 clearly shows 

that all drug-loaded nanoparticles were stable in time, without significant changes in their 

average sizes. At all times the polydispersity index values also remained below 0.2. 
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Figure 3. Average size of dispersed dexamethasone-loaded nanoparticles at 37 oC as a function of 

time. 

 



PTMC and mPEG-PTMC nanoparticles for controlled release of dexamethasone 

 123 

To evaluate possible changes in chemical composition of mPEG3-PTMC11 nanoparticles, a 

separate batch of mPEG3-PTMC11 nanoparticles (not loaded with dexamethasone) was 

prepared by the single emulsion method. The mPEG content of the mPEG3-PTMC11 

nanoparticles in time was determined by NMR, the results are shown in Figure 4. The mPEG 

content in the polymer used for the nanoparticle preparation is 22.3 wt%. Immediately after 

their preparation, the mPEG content in the nanoparticles had decreased to 15.1 wt%. After 

evaporation of water from the supernatant, the mPEG content in this fraction was found to be 

53.9 wt%. Apparently part of the mPEG-PTMC with a relatively high mPEG content had 

dissolved in the aqueous phase during the nanoparticle preparation step. The mPEG content 

in the nanoparticles then remained constant for a time period of 12 wks. In this time period 

the size of the nanoparticles also remained constant and the polydispersity index values 

remained below 0.2 at all times. 
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Figure 4. The mPEG content and the size of mPEG3-TMC11 nanoparticles. The nanoparticles were 

prepared by the single emulsion method and dispersed in water at 37 oC. The experiments were 

performed in duplicate. 
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Diffusion-controlled release of dexamethasone from PTMC and mPEG3-PTMC11 

nanoparticles 

 
In diffusion-controlled release of drugs that are dissolved in spherical particles, the 

relationship between the size of the particles and the released fraction of the drug at a time t 

can be described by well-known equations:[28] 

22

3
6

r
Dt

r
Dt

M
M t −=

∞ π
    for ∞MM t / <0.4,    (1) 

and 

)exp(
6

1 2

2

2 r
Dt

M
M t π

π
−−=

∞

  for ∞MM t / >0.6   (2) 

In these equations, Mt is the amount of drug released at a time t, M∞ is the total amount of 

drug loaded into the particles of average radius r, and D is the diffusion coefficient of the 

drug in the polymer matrix.  

For PTMC and mPEG3-PTMC11 nanoparticles loaded with dexamethasone, we have shown 

that the size of the nanoparticles was stable for a time period of up to 20 wks (see Figure 3). 

Previously we also showed that the molecular weights of a PTMC homopolymer (Mn = 

69.2×103 g/mol) and of an mPEG-PTMC diblock copolymer (Mn of the mPEG and PTMC 

blocks are respectively 3.1×103 and 53.1×103 g/mol) did not decrease during conditioning at 

37 oC in water for a time period of up to 8 wks.[11, 12] Therefore, it can be assumed that the 

diffusion coefficients of dexamethasone in the drug-loaded nanoparticles remained constant 

during the release experiments described in Figure 2, allowing us to calculate their values. As 

the release was rapid and essentially complete at the end of the experiment, we used equation 

2 to perform the calculations.  

Figure 5 shows semi-logarithmic plots of 1− ∞MM t /  as a function of time for the release 

of dexamethasone from the different nanoparticles. The released fraction ∞MM t /  was larger 

than 0.6. In all cases linear plots are obtained (R2 >0.97), which demonstrates that the release 

of dexamethasone from these nanoparticles is indeed controlled by diffusion. From the slopes 

and the average sizes of the nanoparticles, the values of the diffusion coefficients of 

dexamethasone in different nanoparticles can be determined. It can be seen from the figure 

that the nature of the polymer and the method of nanoparticle preparation has a significant 
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effect on the diffusion properties of the drug. The values of the diffusion coefficients are 

listed in Table 4.  
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Figure 5. Semi-logarithmic plots of 1− ∞MM t /  (with ∞MM t / >0.6) as a function of time for the 

release of dexamethasone from the different nanoparticles. 

 

 

Table 4. Values of the diffusion coefficients (D) of dexamethasone in PTMC and mPEG3-PTMC11 

nanoparticles prepared by salting out and single emulsion methods. 

 

Polymer Preparation 
method 

D×10−18 (cm2/s) 

PTMC Salting out 22.6 
PTMC Single emulsion 12.7 
mPEG3-PTMC11 Salting out 4.8 
mPEG3-PTMC11 Single emulsion 4.8 

 

In the case of PTMC nanoparticles, the value of the diffusion coefficient of dexamethasone 

in nanoparticles prepared by the salting out method (22.6×10−18 cm2/s) is higher than that in 

nanoparticles prepared by the single emulsion method (12.7×10−18 cm2/s). This can be 
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expected, as in the salting out method the fast extraction of THF during particle formation 

might result in a relatively porous structure of the nanoparticles. Interestingly, the value of 

the diffusion coefficient of dexamethasone in mPEG3-PTMC11 nanoparticles did not depend 

on the preparation method. This result is in agreement with the fact that the size of the 

mPEG3-PTMC11 nanoparticles is independent of the preparation method and variations of 

experimental conditions as we described previously. For mPEG3-PTMC11 nanoparticles 

prepared by both the salting out and the single emulsion methods, a relatively low value of D 

(4.8×10−18 cm2/s) is obtained. As dexamethasone is a hydrophobic compound, the highest 

rates of diffusion can be expected in PTMC particles, which is the more hydrophobic 

polymer.  

 

 

CONCLUSIONS 

 

Well-defined nanoparticles based on PTMC can be prepared by single emulsion and salting 

out methods using PVA as a stabilizer. The size of the nanoparticles can be controlled by 

adjusting the stirring speeds and the polymer concentrations employed. These particles can 

readily be freeze-dried and redispersed without changes in average size and size distribution. 

With an amphiphilic mPEG3-PTMC11 diblock copolymer, nanoparticles can be prepared 

without using an additional stabilizer. The size of the obtained mPEG3-PTMC11 nanoparticles 

always ranged between 95 and 120 nm. These nanoparticles can be freeze-dried and 

redispersed as well.  

Dexamethasone can be efficiently loaded in PTMC and mPEG3-PTMC11 nanoparticles 

during preparation by both the salting out and the single emulsion methods. The release of 

dexamethasone was sustained and diffusion controlled. The diffusion coefficients of 

dexamethasone ranged between 4.8×10−18 and 22.6×10−18 cm2/s and depended on the nature 

of the polymer matrix and on the nanoparticles preparation method used. Complete release of 

the drug could be achieved in times ranging from 2 wks to 60 d. 

Our results show that PTMC and mPEG3-PTMC11 nanoparticles are attractive for the 

controlled delivery of hydrophobic drugs. 
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ABSTRACT 

 

Monomethoxy poly(ethylene glycol)-block-poly(trimethylene carbonate) (mPEG3-PTMC11, 

Mn of mPEG = 3.1×103 and Mn of PTMC = 10.8×103 g/mol) was synthesized by ring-

opening polymerization of TMC using mPEG3 as an initiator and stannous octoate as a 

catalyst. The block copolymer has a broad melting range with a peak at 49.5 oC and a heat of 

fusion of 47.6 J/g. The heat of fusion normalized to the mPEG content is higher than that of 

the mPEG3 polymer, suggesting that PTMC segments are also semi-crystalline. The mPEG3-

PTMC11 films were stable in water at room temperature, whereas at 37 oC the film specimens 

dissociated and the amphiphilic block copolymer self-assembled into micellar-like 

nanoparticles with average sizes up to 210 nm. The critical association concentration (CAC) 

                                                 
* J. Controlled Release, submitted (2005). 
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of the formed micellar-like particles is 1.35×10−3 mg/ml. The average size and polydispersity 

index of the formed mPEG3-PTMC11 nanoparticles depend on temperature and storage time: 

the values decrease with increases in temperature and in storage time. By co-dissolving 

dexamethasone with mPEG3-PTMC11 during the film preparation, micellar-like nanoparticles 

loaded with dexamethasone can be obtained after the film to micellar-like nanoparticles 

transition. A high loading efficiency of 93.3 wt% was achieved. The sustained release of the 

drug was complete in 20 d.  

 

 

INTRODUCTION 

 

Amphiphilic block copolymers can self-assemble into polymeric micelles in solvents that 

are selective for only one of the blocks. The unique characteristics of polymeric micelles, 

such as size in the nanometer range, relatively high stability due to low critical association 

concentrations (CAC), and core-shell structure, make them attractive for drug delivery 

applications, especially for hydrophobic drugs with very low solubility in water.[1-5]  

In general, drug-loaded polymeric micelles are prepared by dialysis or evaporative 

emulsion methods. In the first method, the hydrophobic drug and the amphiphilic block 

copolymer are dissolved in a water-miscible solvent, which is then dialyzed against a large 

volume of water. The large volume of water and the long dialysis times required are 

drawbacks of the method and can result in poor loading efficiencies.[3, 4] In the emulsion 

method, the hydrophobic drug is first dissolved in a volatile, water-immiscible solvent; this 

solution is then emulsified in an aqueous dispersion of polymeric micelles and the solvent is 

subsequently evaporated. Relatively high loading efficiencies can be achieved, but 

chlorinated solvents are often used.[5] Moreover, both methods are difficult to be employed 

in industrial pharmaceutical applications, as the micelles need to be freeze-dried to allow 

storage and transportation.  

Drug-loaded micelles can also be formed directly by adding water to mixtures of 

amphiphilic block copolymers and hydrophobic drugs. Liquid methoxy poly(ethylene 

glycol)-block-poly(ε-caprolactone-co-trimethylene carbonate) copolymers were employed to 

dissolve hydrophobic drugs. To these solutions water was added and micelles were 
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formed[6]. Drug-loaded micelles can also be formed by adding water of 60 oC to a matrix of 

methoxy poly(ethylene glycol)-block-poly(DL-lactide) (mPEG-PDLLA) containing taxol.[7] 

The matrix had been preheated in a warm water bath at 60 oC to obtain a transparent gel-like 

sample. This elevated temperature might be detrimental for thermo-sensitive drugs.   

Poly(trimethylene carbonate) (PTMC) degrades in vivo by a surface erosion process 

without the formation of acidic degradation compounds.[8] This is especially attractive in 

controlled drug delivery applications. Although high molecular weight PTMC is amorphous, 

PTMC with a relatively low molecular weight is semi-crystalline and has a melting 

temperature close to body temperature.[9] In preliminary experiments, we surprisingly found 

that it was possible to prepare micellar-like nanoparticles from mPEG-PTMC diblock 

copolymers by slightly heating a film of the polymer in water. While it is stable at room 

temperature, the film dissociates in water at 37 oC and a micellar dispersion of the block 

copolymer is formed. In this paper the mechanism of this transition is investigated and its 

applicability in drug delivery is described. 

 

 

MATERIALS AND METHODS 

 
Materials 

 

Polymer grade 1,3-trimethylene carbonate (TMC) was purchased from Boehringer Ingelheim 

(Germany). Monomethoxy poly(ethylene glycol) with a molecular weight of 3×103 g/mol (mPEG3) 

was obtained from Shearwater Polymers (USA). Stannous octoate (SnOct2) and dexamethasone were 

purchased from Sigma (USA). Pyrene, sodium dodecyl sulphate (SDS) and deuterated dimethyl 

sulfoxide (DMSO) were purchased from Aldrich (USA). Cellulose ester membranes with a molecular 

weight cut off value (MWCO) of 3500 (Spectrum Laboratories, USA) were used in dialysis 

experiments. Water was deionised using a Milli-Q water purification system (Millipore, France). 

Unless mentioned otherwise, all materials were used as received without further purification. 
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Synthesis and characterization of an mPEG-PTMC diblock copolymer 

 

A diblock copolymer of mPEG3 and poly(TMC) (mPEG3-PTMC) was synthesized by ring-opening 

polymerization of TMC in the presence of mPEG3 as an initiator in a dried, freshly silanized glass 

ampoule. The ampoule was purged with dry argon, charged with TMC monomer, initiator (1.0×10–2 

mol mPEG3 per mol TMC) and catalyst (2×10–4 mol SnOct2 per mol TMC) and subsequently heat-

sealed under vacuum. The polymerization was conducted at 130±1 °C for 3 d. The diblock copolymer 

was purified by precipitating a polymer solution in chloroform into an excess of hexane and drying in 

vacuo at room temperature.  

The mPEG3 starting material and the prepared mPEG3-PTMC diblock copolymer were 

characterized by standard methods. Proton nuclear magnetic resonance (1H-NMR) spectroscopy at 

300 MHz (Varian Inova, USA) was used to verify the number average molecular weight (Mn) of 

mPEG3 and to determine the composition of the prepared diblock copolymer. Gel permeation 

chromatography (GPC) using chloroform as eluent was performed to determine molecular weights 

and molecular weight distributions of mPEG3 and mPEG3-PTMC. The experimental GPC setup 

consisted of a Water 510 pump, a HP Ti-Series 1050 auto sampler, four Waters Styragel columns 

(105, 104, 103 and 5×102 Å) placed in series, a Waters 410 differential refractometer, and a Viscotek 

Viscometer Detector H502. Polystyrene standards with narrow molecular weight distributions were 

used for calibration. Thermal properties were investigated by differential scanning calorimetry (DSC, 

Perkin Elmer, Pyris 1) at a scan rate of 10 oC/min. The peak melting temperature (Tm) was obtained 

from the first heating scan. 

By 1H-NMR, it was found that Mn of mPEG3 was 3.1×103 g/mol, and the purified diblock 

copolymer contained 22.3 wt% of mPEG. Therefore, a PTMC block length of 10.8×103 g/mol in the 

diblock copolymer could be calculated. The diblock copolymer can be abbreviated as mPEG3-

PTMC11. (Matrix Assisted Laser Desorption Ionisation Time-of-Flight (MALDI-TOF) mass 

spectrometry (Voyager-DE-RP, Applied Biosystems/ PerSeptive Biosystems, USA) was performed to 

measure the Mn and Mw/Mn of mPEG3 as well. The values found were 3.2×103 g/mol and 1.02, 

respectively.) 

Table 1 gives an overview of the characteristics of mPEG3 and mPEG3-PTMC11. 
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Table 1. Characteristics of mPEG3 and of the purified mPEG3-PTMC11 block copolymer. 

 

Mn
 a) Mn

 b) Tm 
c) H∆ c) 'H∆  

d) 
Polymer  

(103 g/mol) (103 g/mol) 
Mw/Mn 

b) 
(oC) (J/g) (J/g) 

mPEG3 3.1 4.0 1.04  60.7  181.9  181.9  

mPEG3-PTMC11 
mPEG3 block: 3.1 
PTMC block: 10.8 21.4 1.7 49.5 47.6 213.4 

 

a) Mn determined by 1H-NMR.  

b) Mn and Mw/Mn determined by GPC. 

c) Determined from the first DSC heating scan; H∆  = heat of fusion. 

d) The heat of fusion normalized to the mPEG content. 

 

Preparation and characterization of mPEG3-PTMC11 films  

 

Films of mPEG3-PTMC11 were prepared by solvent casting 5 ml solutions of 1000 mg polymer in 

THF. The films were dried at ambient conditions for 1 wk, and then further dried in a vacuum oven 

for another 5 d. The morphology of the films was studied by polarized light microscopy (Olympus 

BX60 light microscope, Japan). In cases where drug-loaded films were required, 880 mg polymer and 

120 mg dexamethasone were dissolved in 5 ml THF and the solutions were cast. 

 

Formation of micellar mPEG3-PTMC11 dispersions 

 

Specimens of mPEG3-PTMC11 film were immersed in water (4 mg of film per 1 ml of water) in a 

vial and heated to selected temperatures in the range of room temperature to 50 oC to investigate the 

formation process of micellar block copolymer dispersions. At appropriate temperatures, homogenous 

and bluish dispersions were formed within 1 hr. 

DSC was also employed to investigate the heat effects accompanying the formation of these 

dispersions. An mPEG3-PTMC11 film (5 to 20 mg) was placed in a high-pressure stainless steel DSC 

pan, and a specific amount of water, which had been cooled to 4 oC, was added. After sealing the 

DSC pan, DSC experiments were performed immediately or after keeping the samples at room 

temperature for 2 d. The samples were scanned from 4 oC to 60 oC at a rate of 10 oC/min.  
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Characterization of micellar mPEG3-PTMC11 dispersions 

 

Dynamic light scattering (DLS): After the mPEG3-PTMC11 dispersions were formed, the average 

sizes and the polydispersity indices (P.I.) of the micellar-like particles were determined by dynamic 

light scattering (DLS) (Zetasizer 4000, Malvern Instruments, UK) from the intensity of light (633 nm) 

scattered by the particles at an angle of 90°, taking the average of four measurements. The CONTIN-

method was used to determine the particle size.[10] The measurements were performed at 25 °C, 37 

°C, and 50 °C.  

Transmission electron microscopy (TEM): Transmission electron microscopy (Philips CM30, The 

Netherlands) was performed to investigate the shape and morphology of the dispersed mPEG3-

PTMC11 particles. Samples were prepared by placing a drop of diluted mPEG3-PTMC11 dispersion on 

a carbon-coated copper grid (150 mesh) and drying for 10 min in air. The specimens were not stained.  

Fluorescence measurements: The critical association concentration (CAC) of the formed mPEG3-

PTMC11 micellar dispersions was determined by a fluorescence technique using pyrene as a 

fluorescence probe.[11-13] When pyrene molecules transfer from a hydrophilic to a hydrophobic 

environment, such as the cores of mPEG3-PTMC11 micellar-like structures, the (0,0) band in the 

pyrene excitation spectrum shifts from 334.0 nm to 336.5 nm. This characteristic feature was utilized 

to determine the CAC of mPEG3-PTMC11 block copolymer.  

An mPEG3-PTMC11 dispersion (4 mg/ml) was kept at 37 oC for 2 d, and then diluted to different 

concentrations. To the different dispersions, an equal volume of a pyrene solution in water (1.2×10−6 

M) was added. The dispersions were sonicated for 10 min and kept at room temperature for 1 d before 

fluorescence measurements. In the final dispersions, the copolymer concentrations ranged from 1 

mg/ml to 2.5×10−6 mg/ml, and the pyrene concentration was 6.0×10−7 M. Fluorescence measurements 

were carried out on an Edinburgh FS900 fluorospectrophotometer (UK) at 37 oC. The pyrene 

excitation spectra were monitored at �em = 393 nm. The excitation and emission slit widths were set at 

0.5 and 1 mm, respectively; and the spectra were accumulated with an integration time of 2 s/nm.  

 

Loading and release of dexamethasone from micellar mPEG3-PTMC11 dispersions 

 

When, in the film casting process, dexamethasone was added to the mPEG3-PTMC11 solutions in 

THF, drug-loaded micellar particles could be prepared as described above. To recover the drug-

loaded micellar particles, the water was removed by ultra-centrifugation at 30000 rpm for 30 min 

(Centrikon T-2180, Kontron Instruments, UK) and subsequent drying in a vacuum oven. 
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The loading and the loading efficiency of dexamethasone in the formed mPEG3-PTMC11 micellar 

particles were then determined by 1H-NMR using deuterated DMSO. The integral values of 

characteristic resonances of dexamethasone (1H, δ = 7.28-7.31 ppm, doublet; 1H, δ = 6.20-6.24 ppm, 

doublet; 1H, δ = 6.01 ppm, singlet) were compared to those of methylene protons in TMC (4H, δ = 

4.11-4.17 ppm, triplet). 

To investigate the dexamethasone release profiles, 1 ml of the micellar mPEG3-PTMC11 dispersion 

(4 mg/ml) was dialyzed at 37 oC against 40 ml water containing 0.03 wt% SDS as the release 

medium. Under these conditions, the maximum concentration of dexamethasone that could be 

reached is approximately 12 µg/ml. This is less than 10% of the maximum solubility of 

dexamethasone, as 150 µg dexamethasone could be dissolved in 1 ml SDS-containing medium. Sink 

conditions are therefore ensured.[14] 

At regular time intervals, 3 ml samples were taken from the release medium, which was then 

replenished. The amount of dexamethasone released was determined by UV absorption measurements 

at a wavelength of 242 nm (Cary 300 Bio UV-Visible spectrophotometer, Varian, the Netherlands). 

The release experiments were performed in duplicate. 

 

 

RESULTS AND DISCUSSION 

 

An mPEG3-PTMC11 diblock copolymer was synthesized by ring-opening polymerization of 

TMC using mPEG3 as an initiator and stannous octoate as a catalyst and purified by 

precipitation. Its properties are presented in Table 1. In the mPEG3-PTMC11 diblock 

copolymer, both the hydrophilic mPEG component and the hydrophobic low molecular 

weight PTMC segments can in principle crystallize. The peak melting temperature (Tm) of 

water-free mPEG3 obtained by DSC is 60.7 oC, Tm of a low molecular weight PTMC with Mn 

= 23.0×103 g/mol (PTMC23) is 38.8 oC, which is close to body temperature.  

After precipitation and drying of the mPEG3-PTMC11 block copolymer, a broad melting 

range peaking at 49.5 oC was observed. This peak value is lower than that of the mPEG3 used 

in the synthesis of the block copolymer. As low molecular weight PTMC crystallizes only 

slowly, (this follows from the fact that no melting peak could be detected in the second DSC 

heating scan of the low molecular weight PTMC23 homopolymer, after the sample was 

quenched from 60 oC to 4 oC and kept at 4 oC for 5 min), it can be expected that the presence 
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of PTMC in the block copolymer disfavors the crystallization of mPEG segments.[15, 16] 

Surprisingly, when the heat of fusion of the block copolymer is normalized to the mPEG 

content, a high value is found, 'H∆  = 213.4 J/g. This value is much higher than that of 

mPEG3 ( H∆  = 181.9 J/g), implying that in the precipitated mPEG3-PTMC11 diblock 

copolymer, the PTMC blocks also contribute to the crystalline fraction. 

Solvent-cast mPEG3-PTMC11 films (60-80 µm thick, density 1.24±0.03 g/cm3, n=3) were 

prepared at ambient conditions from a polymer solution in THF. The thermal properties of 

the films were similar to those of the precipitated polymer. The morphology of mPEG3-

PTMC11 films was studied by polarized optical microscopy, as shown in Figure 1. It can be 

seen that the film has crystallized, forming large polygonal spherulites with sizes up to 200 

µm. In comparison to the nucleation rates, the spherulite growth rates are relatively high. Still 

the films are not brittle and can easily be handled. 

 

 
 

Figure 1. Polarized optical microscopy image of a solvent-cast mPEG3-PTMC11 film. 

 

When mPEG3-PTMC11 films were immersed in water at room temperature, they quickly 

swelled, taking up large amounts of water. Within 1 hr the water uptake was 117±14 wt% 

(n=2). After 1 day the films became very fragile, but maintained their shape for at least one 

month. However, when the films were immersed in water of 37 oC, they rapidly fell apart; 

homogenous and bluish dispersions were formed within 1 hr. The bluish colour of the 
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dispersions suggests that the sizes of the formed particles were in the nanometer range. Since 

no additional surfactant had been added, this dispersion was formed by self-assembly of the 

amphiphilic mPEG3-PTMC11 diblock copolymers. As will be confirmed later in the paper, 

these particles are micellar-like nanoparticles. 

The heat effects accompanying this thermo-sensitive film to nanoparticle transition were 

studied by DSC. To the mPEG3-PTMC11 film specimens in the DSC pans, different amounts 

of water with a temperature of 4 oC were added, after which DSC scans were run. The 

amounts of water were varied to give water to film ratios between 1:10 and 5:1 wt/wt. The 

scans were either performed immediately after adding the water or after storing the samples 

at room temperature (RT) for 2 days. Figure 2 shows the obtained DSC curves, and that of 

dry mPEG3-PTMC11 film for comparison.  

 

 
 

Figure 2. DSC curves of a dry mPEG3-PTMC11 film (a) and of mPEG3-PTMC11 films to which 

different amounts of water were added (b-g). The corresponding Tm and �H of the melting 

endotherms are given. 

 

The mPEG3-PTMC11 film (curve a in Figure 2) shows a broad melting endotherm with a 

peak at 46.1 oC and a heat of fusion of 49.4 J/g. After addition of small amounts of water 
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(curves b-d in Figure 2), the values of both the peak melting temperature and the 

corresponding heat of fusion of the mPEG3-PTMC11 films decreased significantly. As the 

water to polymer film ratio was increased from 1:10 to 1:1 wt/wt, these values decreased to 

respectively 37.1 oC and 15.7 J/g. This is due to the rapid uptake of water, in which mPEG 

segments can dissolve. Further increasing the water-to-polymer ratio to 5:1 wt/wt (curves e 

and f in Figure 2) had little effect on the melting temperature. The peak melting temperature 

varied between 37 and 38 oC, the heat of fusion decreased to 11.7 J/g. Remarkably, 

maintaining such a specimen at RT for 2 days did not further change the peak melting 

temperature and the heat of fusion very much (curve g in Figure 2). In comparison, when 

water was added to mPEG3 at a water-to-polymer ratio of 5:1 wt/wt, no melting transitions 

were observed. These results demonstrate that although the hydrophilic, mPEG crystalline 

structure is destroyed upon addition of water, the mPEG3-PTMC11 block copolymer film was 

still partly crystalline at room temperature. Such a crystalline structure must be related to the 

hydrophobic PTMC segments in the block copolymer.    

When a 5-fold amount of water was added to an mPEG3-PTMC11 film, which was then 

kept at 37 oC for 30 min prior to the DSC experiment, no melting endotherm could be 

observed in the scans. Therefore, the mechanism of the observed thermo-sensitive film to 

nanoparticle transition can be illustrated as follows: At room temperature, the mPEG3-

PTMC11 film do not dissociate in water due to the presence of a crystalline structure related 

to the PTMC blocks. Upon raising the temperature to 37 oC, the hydrophobic crystalline 

PTMC structure melts and the amphiphilic diblock copolymer self-assembles into (micellar-

like) nanoparticle structures.  

The size and size distribution of these mPEG3-PTMC11 particles were determined by DLS. 

It was found that after immersing mPEG3-PTMC11 films in water of 37 oC for 1 hr, 

dispersions were formed. These dispersions consisted of nanoparticles with an average 

diameter (d) of 208.4±0.9 nm and a polydispersity index (P.I.) of 0.50 (n=2). When these 

dispersions were then kept at 37 oC for 1 day, these values decreased to 185.4±8.0 nm and 

0.36, respectively.  

At this time point, the shape and size of the nanoparticles were evaluated by TEM as well. 

Figure 3 shows a TEM image of the formed particles. The particles are spherical in shape, 

with diameters up to approximately 200 nm. Also much smaller particles are present, 
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resulting in relatively large particle size distribution values. This is in good agreement with 

the sizes measurements by DLS.  

 

 
 

Figure 3. TEM image of mPEG3-PTMC11 nanoparticles from a dispersion formed by immersing 

mPEG3-PTMC11 films in water of 37 oC and kept at 37 oC for 1 day. 

 

To verify the micellar-like nature of the formed mPEG3-PTMC11 nanoparticles, their 

critical association concentration (CAC) was determined using the characteristics of 

fluorescence excitation spectra of pyrene. In solvents that are selective for only one of the 

blocks, amphiphilic block copolymers form micelles or micellar-like structures when the 

polymer concentration is at or above CAC. Upon micellization, pyrene molecules transfer 

from the aqueous phase to the hydrophobic phase (the micellar core), resulting in a change in 

its fluorescence excitation spectrum. By carrying out fluorescence measurements at different 

polymer concentrations, CAC values of the amphiphilic copolymers can be determined. 

From the same measurements, the equilibrium partition constant (Kv) can be determined as 

well.[11, 12]  

In this manner, the CAC of the mPEG3-PTMC11 nanoparticles was determined to be 

1.35×10−3 mg/ml; correspondingly, the free energy of micellization per mole of mPEG3-

PTMC11, o
mG∆ , can be calculated to be –52.0 kJ/mol at 37 oC using: 

CAC
o
m xRTG ln=∆  
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where CACx  is the mole fraction of mPEG3-PTMC11 in the aqueous solution at CAC.[17] The 

determined CAC value of mPEG3-PTMC11 nanoparticles is lower than those of poly(2-ethyl-

2-oxazoline)-PTMC (PEtOz-PTMC),[13] mPEG-poly(TMC-co-ε-caprolactone),[6] and 

PTMC-PEG-PTMC[18] amphiphilic block copolymers. In these investigations, block 

copolymers with relatively short PTMC block lengths were employed (Mn of PTMC blocks 

ranged from 800 to 5850 g/mol, and the CAC values ranged from 2.8×10−3 to 92×10−3 

mg/ml). The equilibrium constant for partitioning of pyrene between the mPEG3-PTMC11 

micellar core phase and the aqueous phase was determined to be Kv = 1.74×105. This value is 

in the same range of pyrene in PEtOz-PLLA, PEtOz-PCL and PEtOz-PTMC block 

copolymer micellar dispersions, where Kv values ranged from 0.91×105 to 5.88×105.[13, 19] 

These results demonstrate the micellar-like structure of the formed mPEG3-PTMC11 

nanoparticles.  

The average size of our micellar-like nanoparticles (up to 210 nm) is relatively large. Also 

in other cases, micellar-like particles from amphiphilic polymers were found to have similar 

or even larger sizes.[13, 18-20] Such particles may consist of a polymeric phase that has not 

been completely dissociated,[21] of onion-like structures with alternating concentric layers of 

solvated and non-solvated segments,[22] and of aggregations of individual micelles.[5, 13, 20, 

22] 
In dispersed micellar-like mPEG3-PTMC11 nanoparticles, the hydrophobic PTMC segments 

are in the molten state at 37 oC (see Figure 2). Although the glass transition temperature (Tg) 

of the PTMC blocks in the micellar dispersions could not be detected in our experiments due 

to the freezing of water at 0 oC, Tg of water-free mPEG3-PTMC11 precipitate is −20.1 oC. 

Therefore, it can be expected that temperature and storage time can have important effects on 

the stability of the micellar-like nanoparticles. 

An mPEG3-PTMC11 dispersion was prepared and kept at 37 oC for 1 d. Then the average 

size of the nanoparticles was measured successively after 10 min equilibrations at 25 oC, 37 

oC, 50 oC, and again at 37 oC. The determined average particle sizes were respectively 245.1, 

193.3, 177.8, and 199.8 nm, with corresponding polydispersity index values of 0.67, 0.30, 

0.24, and 0.28. This result shows that the average size of the mPEG3-PTMC11 particles had 

changed rapidly and reversibly with a change in temperature; the average size is smaller at a 
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higher temperature. Similar results were reported for mPEG-PDLLA micelles at 

temperatures above Tg of PDLLA.[23]  

In another series of experiments, dispersed mPEG3-PTMC11 nanoparticles were stored at 

37 oC for different time periods, after which their average sizes and P.I. values were 

measured. The results are shown in Figure 4. Upon storage, the average size and 

polydispersity index significantly decreased in time, the particle sizes stabilized to be 

approximately 100 nm after 42 to 56 days. The P.I. values had decreased to a low value of 

0.11.  

 

 
 

Figure 4. Average sizes of dispersed micellar-like mPEG3-PTMC11 nanoparticles (4mg/ml) stored at 

37 oC for different time periods (mean±error, n=2). The polydispersity index values (P.I.) are given as 

well. 

 

The applicability of this film to nanoparticle transition for controlled drug release was 

evaluated using dexamethasone, a poorly water-soluble, anti-inflammatory and immuno-

suppressive drug.[24, 25] To load the nanoparticles with dexamethasone, the drug was co-

dissolved with the mPEG3-PTMC11 copolymer during the film preparation step. The initial 

drug content was 12.0 wt%. Micellar dispersions were then prepared at 37 oC as previously 
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described. After 1 hr, the average size and the P.I. of the formed micellar-like particles were 

respectively 218.3±14.8 nm and 0.50. These values are very close to those of particles 

prepared without dexamethasone. The amount of dexamethasone loaded into the micellar-

like nanoparticles was determined by 1H-NMR and was 11.2±0.5 wt% (n=2). This 

corresponds to a very high loading efficiency of 93.3±4.2 wt%.  

Dexamethasone release experiments were performed in duplicate under sink conditions. 

The cumulative dexamethasone release profile from these mPEG3-PTMC11 nanoparticles, as 

determined from the UV absorption of dexamethasone at 242 nm, is shown in Figure 5. After 

an initial burst release, sustained release of dexamethasone from the nanoparticles was 

observed. Complete release occurred at approximately 20 days, after that, the amount of 

dexamethasone in the release medium did not increase any more. At 40 d, the water was 

removed from the particle dispersion by ultra-centrifugation and drying in a vacuum oven. 

Complete release of dexamethasone was confirmed by 1H-NMR.    

  

 
 

Figure 5. Cumulative release profile of dexamethasone from the dispersed micellar-like mPEG3-

PTMC11 nanoparticles. The experiments were performed under sink conditions at 37 oC (mean±error, 

n=2). 
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The drug-loaded mPEG3-PTMC11 polymer films can be easily prepared, sterilized, stored 

and transported. The film to nanoparticle transition occurs at a relatively low temperature, 

which allows the incorporation of thermally sensitive drugs into the nanoparticles. In a 

practical sense, administration and injection of these nanoparticle dispersions can be carried 

out directly after formation of the dispersions. Therefore, freeze-drying and redispersion 

steps can be avoided.  

In these investigations mPEG3-PTMC11 was employed. It should be mentioned that in 

preliminary experiments, a block copolymer with equal mPEG segment length but longer 

PTMC segment (Mn of mPEG blocks is 3.1×103 g/mol, and Mn of PTMC blocks is 32.6×103 

g/mol) did not show such transition from film to micellar-like nanoparticles upon heating. 

This can be due to a relatively high hydrophobicity of this block copolymer. Currently, the 

effects of the block copolymer composition and segment length are being investigated. Other 

amphiphilic block copolymers, in which the hydrophobic segments have low melting 

temperatures, such as segments containing ε-caprolactone, may display similar behavior and 

are under investigation.  

 

 

CONCLUSIONS 

 

Amphiphilic mPEG3-PTMC11 block copolymer was synthesized by ring-opening 

polymerization of TMC using mPEG3 as an initiator and stannous octoate as a catalyst. At 

room temperature, both the hydrophilic mPEG segments and the hydrophobic PTMC 

segments are in the semi-crystalline phase. Solvent-cast films of this block copolymer were 

stable in water at room temperature, whereas at 37 oC the films dissociated and the block 

copolymers self-assembled into micellar-like nanoparticles. The CAC of the dispersed 

mPEG3-PTMC11 particles is 1.35×10−3 mg/ml. This thermo-sensitive transition from film to 

micellar-like nanoparticles is applicable for controlled drug release: dexamethasone was 

loaded into the mPEG3-PTMC11 nanoparticles at a high loading efficiency of 93.3 wt%. The 

sustained release of dexamethasone was complete in 20 days.  
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APPENDIX A 

 
Degradation Behavior of Porous Structures from 

Stereocomplexes between Enantiomeric Triblock Copolymers of 

Trimethylene Carbonate and Lactides*  

 
INTRODUCTION 

 

In chapter 6, we demonstrated that porous structures based on stereocomplexes between 

enantiomeric poly(L-lactide)-poly(trimethylene carbonate)-poly(L-lactide) and poly(D-

lactide)-poly(trimethylene carbonate)-poly(D-lactide) triblock copolymers (poly(ST-TMC-

ST)) have excellent recovery properties after prolonged compressive deformation. For 

medical applications in vivo, the degradation behavior of the employed porous structures is 

very important. In this appendix, we report on preliminary results of degradation behavior of 

these poly(ST-TMC-ST) porous structures in vitro in phosphate buffered saline (PBS, 

pH=7.4) and in lipase solutions (lipase from Thermomyces Lanuginosus). 

  

 

MATERIALS AND METHODS 

 

Porous poly(ST-TMC-ST) structures were prepared and characterized as described in Chapter 6. 

Lipase from Thermomyces Lanuginosus (EC3.1.1.3., minimum 50000 units/g) were purchased from 

Sigma (St. Louis, USA). Phosphate buffered saline (PBS) was purchased from NPBI (Emmer-

Compascuum, the Netherlands).  

                                                 
* See also Chapter 6  
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The enzymatic degradation experiments of poly(ST-TMC-ST) porous structures were carried out in 

lipase solutions at 37 oC. After immersion of the porous structures into lipase solutions, a vacuum was 

applied to remove the air from the porous structures. The degradation experiments were carried out in 

duplicate at 37 oC. As a reference, the degradation experiments were performed in PBS as well.    

 

 

RESULTS 

 

PTMC homopolymers are stable in water and in PBS, but rapidly degrade in lipase 

solutions by an enzymatic surface erosion process.[1-3] In this study, the degradation 

behavior of porous poly(ST-TMC-ST) structures in PBS and in lipase solutions at 37 oC was 

investigated. Poly(ST-TMC-ST) structures were very stable in PBS; specimens showed no 

mass loss after time periods of up to 16 wks. Strikingly, in lipase solutions, the porous 

structures totally disintegrated within 1 wk. After centrifugation and drying in vacuum, the 

remaining solid flakes and particles were collected. This material is not soluble in 

chloroform.  

The thermal properties of the material before and after degradation in the lipase solution 

were evaluated by DSC. Table 1 shows the data.  

 

Table 1. Thermal properties of porous poly(ST-TMC-ST) structures before and after degradation in 

lipase solutions for 1 wk. A crystallization peak is not present in the first DSC scan. 

 

1st DSC heating scan 2nd DSC heating scan  

Tg  

(oC) 

Tm 

(oC) 

∆Hm  

(J/g) 

Tg  

(oC) 

Tc 

(oC) 

∆Hc  

(J/g) 

Tm  

(oC) 

∆Hm  

(J/g) 

Before degradation −15.8 191.8 16.4 −7.7 78.2 −10.8 190.9 14.5 

After degradation −14.7 205.4 21.3 1.3 51.3 −16.4 193.3 20.2 

 

After disintegration, the remaining material showed a higher peak melting temperature (Tm) 

and heat of fusion (∆Hm) as compared to the porous structures before degradation. Clearly 

the crystallinity of the remaining polymers has increased. 
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The disintegration of the porous structures and the increased crystallinity of the remaining 

samples are due to enzymatic degradation. The results suggest that for poly(ST-TMC-ST), 

the PTMC inner blocks are preferentially degraded enzymatically by lipase as compared to 

the stereocomplexes of poly(lactide)s blocks. As in the original specimens of these triblock 

copolymers and their stereocomplexes, the molar content of TMC was approximately 85 

mol%, the porous structures lost their mechanical stability and disintegrated upon 

degradation of the PTMC blocks.  

It can be expected that upon degradation, the weight fraction of the lactide component in 

the residue increased, leading to a higher crystallinity. Nevertheless, the lactide content in the 

original structure was low and poly(lactide) chain lengths were short (2100 to 2700 g/mol). It 

has been reported that stereocomplexes of enantiomeric poly(lactide)s with short chain 

lengths (500 to 2500 g/mol) similar to those of our block copolymers were degradable in 

vitro.[4-7] Therefore, after implantation, porous poly(ST-TMC-ST) structures will eventually 

be resorbed. 

 

 

CONCLUSIONS 

 

Porous structures of poly(ST-TMC-ST) disintegrated rapidly in lipase solutions. These 

structures are biodegradable.  
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APPENDIX B 

 
Degradation Behavior of Monomethoxy Poly(ethylene glycol)-

poly(trimethylene carbonate)* 

 
INTRODUCTION 

 

Amphiphilic monomethoxy poly(ethylene glycol)-block-poly(trimethylene carbonate) 

block copolymers (mPEG-PTMC) have been used to prepare drug loaded microparticles[1] 

and micelles.[2] In controlled drug delivery applications, such as in the delivery of growth 

factors and cytokines, the degradation milieu itself can play an important role in the 

degradation process. Especially in the case of poly(trimethylene carbonate), it was seen that 

the degradation behavior in vivo was very different from that in buffer.[3]  

To differentiate between the (non-enzymatic) effect of pH and an effect of enzyme activity, 

the degradation behavior of mPEG-PTMC discs was evaluated in water, buffer of pH 4, and 

in enzyme (lipase) solutions.  

 

 

MATERIALS AND METHODS 

 

A diblock copolymer mPEG-PTMC (Mn of PEG block = 3000 g/mol, of PTMC block = 52.9×103 

g/mol, mPEG3-PTMC53) was synthesized by ring opening polymerisation of trimethylene carbonate 

using SnOct2 as a catalyst and mPEG (Mn = 3000 g/mol) as an initiator.[1] The polymerization was 

conducted under vacuum at 130±1 °C for 3 d. The mPEG3-PTMC53 was purified by precipitation and 

compression molded at 80 oC to films of 500 �m thickness. Intrinsic viscosities and molecular 

                                                 
* Appendix to Chapter 7 of this thesis. J. Controlled Release, accepted (2005) 
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weights by GPC were determined at room temperature in CHCl3. Discs with a diameter of 10 mm 

were punched out, and used for degradation experiments at 37 oC in deionized water, citric acid 

buffer of pH4, and in lipase (from Thermomyces Lanuginosus, EC3.1.1.3., minimum 50000 units/g, 

Sigma) solutions. The lipase solutions were refreshed twice a week.  

 

 

RESULTS AND DISCUSSION 

 

In water, mPEG3-PTMC53 specimens showed a water uptake of 20 to 25 wt% in 1 to 12 

wks. During this time period, only a small amount of mass was lost. Table 1 shows mass loss 

and changes in molecular weight and in intrinsic viscosity of the polymer in water and in 

buffer at pH 4. After 16 wks, the mass loss was very low (<3.3 wt%) in both cases, although 

it was slightly higher in water. During this period, the intrinsic viscosity remained constant. 

Also, the PEG content in the block copolymer (5.4 wt% as determined by NMR) did not 

change. 

It can be concluded that mPEG3-PTMC53 degrades very slowly both in water and in buffer 

at pH 4. The acidic environment does not accelerate the degradation. 

 

Table 1. Mass loss, Mn and intrinsic viscosity of mPEG3-PTMC53 during degradation at 37 oC in 

water and in buffer at pH 4.   

 

Mass loss (wt%) Mn (×103g/mol) Intrinsic viscosity [η]  
water pH 4 water pH 4 water pH 4 

0 wk 0 0 n.d. n.d. 1.21 1.21 
1 wk 2.40 1.45 n.d. n.d. 1.21 1.24 
4 wks 2.90 2.45 104 129 1.20 1.16 

16 wks 3.28 2.39 98 137 1.19 1.22 
 

Enzymatic degradation was carried out using lipase.[4] Table 2 shows mass loss, PEG 

content, molecular weight, and intrinsic viscosity of mPEG3-PTMC53 samples in lipase in 

time. In the first 4 weeks, mass loss was limited and the PEG content remained constant. In 

weeks 4 to 16, the polymer mass decreased linearly. As the molecular weight and intrinsic 

viscosity remained more or less constant, the degradation of the specimens can be classified 



Degradation behavior of PEG-PTMC 

 153 

as occurring by surface erosion. In this time period, preferentially polymer chains with a high 

PEG content were leached out. At week 20, the mass had decreased to 76 %.  

 

Table 2. Mass loss, PEG content, Mn and intrinsic viscosity of mPEG3-PTMC53 during degradation at 

37 oC in lipase solutions. 

 

 Mass loss (wt%) PEG content (wt%) Mn (×103g/mol) [η] (dL/g) 
0 0 5.37 n.d. 1.21 

1 wk 1.82 5.46 n.d. 1.21 
2 wks 1.77 5.38 n.d. 1.18 
4 wks 2.38 5.45 114 1.12 
8 wks 10.3 5.23 125 1.20 

12 wks 17.9 5.06 114 1.13 
16 wks 32.6 4.98 120 1.08 
20 wks 76.0 4.08 n.d. n.d. 

 

 

CONCLUSIONS  

 

The degradation of mPEG3-PTMC53 diblock copolymer in water and in buffer at pH 4 is 

extremely slow, but substantial enzymatic degradation occurs in lipase solutions in 20 wks. 

After a delay period of 4 weeks, the enzymatic degradation of mPEG3-PTMC53 can be 

described as a surface erosion process. 
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APPENDIX C 

 
Hydrogels Based on Linear and Star-shaped Poly(ethylene 

glycol)-poly(lactide) Block Copolymers Capable of Forming 

Stereocomplexes*  

 
INTRODUCTION 

 

Hydrogels can be formed by mixing aqueous solutions of enantiomeric poly(ethylene 

glycol)-poly(L-lactide) (PEG-PLLA) and poly(ethylene glycol)-poly(D-lactide) (PEG-

PDLA) block copolymers.[1] This stereocomplexation induced gelation can be used to form 

gels in vivo, which is of interest in drug delivery and tissue engineering. Linear, 3- and 4-

armed block copolymers of PEG-PLLA and PEG-PDLA are synthesized. Their gelation 

behavior and that of their mixtures (where stereocomplexation can occur) is studied.  

 

 

MATERIALS AND METHODS 

 

Block copolymers of L-lactide (LLA) or D-lactide (DLA) of different architectures were 

synthesized by ring opening polymerization using PEG-diol, 3-armed and 4-armed PEG as initiator. 

The molecular weight of the PEG component was Mn = 10.0×103 g/mol for all PEGs. The polymers 

were purified by dissolution in chloroform and precipitation in cold diethyl ether.  

Hydrogel samples (1 g) were prepared in 4 ml glass vials. The block copolymer and Millipore water 

were heated, stirred and centrifuged, and maintained at 50 oC overnight. In the case of mixtures of 

enantiomeric copolymers, equal amounts of L- and D-lactide block copolymers were used. The sol-

                                                 
* J. Controlled Release, accepted (2005). 
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gel transition temperature of the hydrogels was determined by the tube-inversion method.[2] The 

samples were heated from 4 oC to 60 oC in steps of 2 oC and equilibrated for 10 min at each 

temperature.  

 

 

RESULTS AND DISCUSSION 

 

Table 1 shows the characteristics of the prepared PEG-PLA block copolymers.  

 

Table 1. Characteristics of the synthesized PEG-PLA linear and star-shaped block copolymers. 

 

in feed crude copolymers purified copolymers Polymer code 
lactide EO/lactate lactide conversion  EO/lactate DPlactate  

linear copolymers, initiated by PEG-diol 
EO227(LLA16)2 LLA 4.0 92.6% 7.1 15.9 
EO227 (DLA13)2 DLA 4.0 87.9% 8.5 13.4 
3-armed block copolymers, initiated by 3-armed PEG 
EO225(LLA14)3 LLA 2.5 92.1% 5.1 14.4 
EO225(DLA14)3 DLA 2.5 92.7% 5.4 13.9 
4-armed block copolymers, initiated by 4-armed PEG 
EO224(LLA14)4 LLA 2.8 93.5% 4.0 14.0 
EO224(DLA14)4 DLA 2.8 96.0% 3.9 14.2 

 

Depending on the polymer concentration and temperature, the hydrophilic-hydrophobic 

block copolymers can form either micellar solutions or gels upon mixing with water. Kim 

S.W. et al. reported that PEG-PLA block copolymers show sol-gel transitions upon cooling; 

the transition temperature increases with polymer concentration.[3] Our results for the block 

copolymers containing enantiomeric L- or D-lactide segments, as shown in Figures 1 to 3, 

are similar. Furthermore, the figures show that the sol-gel transitions of mixtures of these 

enantiomeric block copolymers occur at relatively lower concentrations and at higher 

temperatures. This is due to enhanced physical crosslinking by stereocomplexation of the L-

lactide and D-lactide segments.  
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Figure 1. Sol-gel transition temperatures of linear (A), 3-armed (B) and 4-armed (C) PEG-PLLA, 

PEG-PDLA block copolymers and those of mixtures of equimolar enantiomers. 
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Interestingly, the block copolymer architecture also has an effect on the sol-gel transition 

temperatures. The transitions of star-shaped block copolymers occur at a lower temperature 

than those of linear block copolymers; no significant difference is seen between 3-armed and 

4-armed block copolymers. Preliminary rheology studies of micellar solutions containing 15 

wt% polymer show that the storage and loss modulus increases from linear to 3-armed to 4-

armed PEG-PLA block copolymers. This suggests that for solutions of star-shaped 

copolymers in water, gelation occurs at relatively low concentrations. Stronger gels can thus 

be obtained with smaller amounts of polymer. 

 

 

CONCLUSIONS 

 

Linear and star-shaped PEG-PLA block polymers form thermo-sensitive hydrogels, the 

star-shaped block copolymers form gels at lower concentrations. The sol-gel transitions of 

enantiomeric mixtures occur at a relatively lower concentration and higher temperature, due 

to stereocomplexation. 
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Summary 

 
This thesis describes the preparation of biodegradable block copolymers based on 

trimethylene carbonate (TMC), lactides, and poly(ethylene glycol) (PEG), and their potential 

applications in medicine.  

In Chapter 2 the current literature on degradable block copolymers is reviewed and a 

general background with regard to this thesis is given. Biodegradable polymers are widely 

used in surgery and drug delivery systems; understanding their degradation behavior is of 

essential importance. Polymer degradation leads to erosion of the material and mass loss, 

which can occur in the bulk or at the surface of the implanted device. The characteristics of 

these different erosion processes are discussed in Chapter 2. Also a general survey of 

biodegradable copolymers applied in the medical and pharmaceutical fields is given, 

focusing on amphiphilic block copolymers containing poly(ethylene glycol) (PEG) and on 

phase-separated multiblock copolymers as thermoplastic elastomers. Among the 

biodegradable polymers used, aliphatic polyesters are the most often employed. Usually, they 

are synthesized by ring-opening polymerization of lactones with stannous octoate as a 

catalyst. The reaction mechanism of the ring-opening polymerization is discussed.  

The properties of poly(lactide)s and their stereocomplexes have been investigated and are 

reported in this thesis. Poly(D,L-lactide) (PDLLA) is amorphous, while poly(L-lactide) 

(PLLA) and poly(D-lactide) (PDLA) are semi-crystalline materials. Enantiomeric PLLA and 

PDLA form high-melting stereocomplexes.  

In general poly(lactide)s are rigid and degrade by bulk erosion. Compared to poly(lactide)s, 

poly(TMC) (PTMC) is much more flexible, which can be advantageous in applications in 

soft tissues. Moreover, PTMC degrades in vivo by surface erosion without formation of 

detrimental acidic compounds. This is of special interest for drug delivery systems. The 

synthesis, properties and biomedical applications of PTMC and TMC-based (co)polymers are 

reviewed in Chapter 2 as well. 
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In Chapter 3, we report on the degradation behavior of PTMC in vivo and in vitro. In the 

in vivo degradation studies, PTMC specimens were implanted in the femur and tibia of 

rabbits. Surface erosion characteristics were demonstrated. The in vitro degradation studies 

were performed using lipase solutions (lipase from Thermomyces Lanuginosus) and non-

enzymatic media with pH values ranging from 1.0 to 13.0. It was found that PTMC degrades 

in lipase solutions by a surface erosion process, but does not degrade in very acidic or basic 

environments. Therefore, it is concluded that enzymes play an important role in the 

degradation of PTMC in vivo.  

Furthermore, we found that both in vivo and in enzyme solutions, the surface erosion rates 

of low molecular weight PTMC specimens are significantly lower than those of high 

molecular weight specimens. This is likely due to the more hydrophilic surface of the lower 

molecular weight PTMC specimens, which reduces lipase activity.  

In Chapter 4, the enzymatic surface erosion behavior of PTMC is studied by atomic force 

microscopy (AFM). The surface erosion of spin-coated PTMC films (23-48 nm thick) by the 

same lipase solutions was studied. After immersion in the lipase solutions, the roughness of 

the films increased and their average thickness decreased in time. The rate of enzymatic 

surface erosion of the PTMC films was 11.0±3.7 nm/min, which is comparable to that of the 

much thicker, compression-molded discs reported in Chapter 3. When the contact time of the 

films with the lipase solutions was limited to less than 5 s, degradation of the surface is 

minimal and individual lipase molecules adsorbed on the PTMC films could be discerned. 

Micro-contact printing of a PTMC film surface using a PDMS stamp and the lipase solution 

allowed patterning of the film surface with predefined microstructures of varying heights and 

surface properties. Since PTMC is non-toxic and very compatible with different cells and 

tissues, such micro-patterned surfaces have great potential for use in medical applications 

where cell patterning is required.   

For applications in (tissue engineering of) soft tissues, biodegradable materials are often 

subjected to static and dynamic loading. Therefore, creep-resistant elastomers are desired. 

Linear PTMC has a limited creep resistance during long-term static or dynamic loading. To 

improve the creep-resistance of TMC based materials, triblock copolymers based on TMC 

and lactides were prepared (Chapter 5). Thermoplastic elastomers showing good mechanical 

properties, especially with regard to elasticity, were obtained when crystallizable 
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poly(lactide) blocks of sufficient lengths were used to form the hard blocks (poly(LLA-

TMC-LLA) and poly(DLA-TMC-DLA)). The mechanical properties and the creep-resistance 

could be improved even further by stereocomplex formation between enantiomeric 

poly(lactide) segments of the triblock copolymers in blends (poly(ST-TMC-ST)). The 

thermal and mechanical properties of the block copolymers can be regulated within a wide 

range by adjusting their composition. 

Chapter 6 deals with well-defined, highly porous poly(ST-TMC-ST) structures with 

interconnected pores which were prepared by a method in which poly(LLA-TMC-LLA) and 

poly(DLA-TMC-DLA) triblock copolymers are co-precipitated with salt particles, 

compression molded, and subsequently leached with water. These highly porous poly(ST-

TMC-ST) discs (porosity 87%, pore size 123 µm) have a very good recovery behavior after 

prolonged compressive deformation. Such poly(ST-TMC-ST) materials and scaffolds are 

attractive for use in cell culturing and tissue engineering when long-term mechanical 

deformation of the structures is desired. Preliminary results of the degradation experiments in 

vitro show that these porous structures are degradable in lipase solutions, as described in 

Appendix A. 

Chapter 7 focuses on the preparation of microparticles from PTMC and monomethoxy-

poly(ethylene glycol)-PTMC (mPEG-PTMC) diblock copolymers by a double emulsion 

technique. Microparticles of PTMC and mPEG-PTMC with diameters ranging between 1 and 

50 µm could be obtained. After freeze-drying and redispersion, the shape and size of the 

microparticles did not change significantly. Hydrophilic model compounds (BSA, lysozyme 

and Coomassie® Brilliant Blue G) can be readily loaded into these microparticles at 

efficiencies higher than 70%. Microparticles loaded with Coomassie® Brilliant Blue G 

showed a sustained release profile of the blue dye. More than 90% of the loaded Coomassie® 

Brilliant Blue G was released in 60 d. The degradation behavior of mPEG-PTMC in vitro 

was studied and the results are presented in Appendix B. The degradation of mPEG-PTMC 

diblock copolymers in water and in buffer at pH 4 is extremely slow, but extensive enzymatic 

degradation had occurred in lipase solutions (lipase from Thermomyces Lanuginosus) in 20 

wks.  

In Chapter 8, the applicability of PTMC homopolymers and its block copolymers with 

mPEG for the delivery of hydrophobic drugs was evaluated. Well-defined nanoparticles 
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based on PTMC could be prepared by single emulsion and salting out methods using PVA as 

a stabilizer. The size of the nanoparticles can be controlled by adjusting the stirring speeds 

and the polymer concentrations employed. The formed particles can readily be freeze-dried 

and redispersed without changes in average size and size distribution. With an amphiphilic 

mPEG-PTMC diblock copolymer, nanoparticles were prepared without using an additional 

stabilizer. The size of these mPEG-PTMC nanoparticles always ranged between 95 and 120 

nm. These nanoparticles can be freeze-dried and redispersed as well. 

 Dexamethasone was efficiently loaded into PTMC and mPEG-PTMC nanoparticles during 

their preparation by both the salting out and the single emulsion methods. The release of 

dexamethasone was sustained and diffusion controlled. Complete release of the drug was 

achieved in times ranging from 2 wks to 60 d. These results show that PTMC and mPEG-

PTMC nanoparticles are attractive for the controlled delivery of hydrophobic drugs. 

Chapter 9 reports on a novel, thermo-sensitive transition from mPEG-PTMC films to 

micellar-like nanoparticles. Solvent-cast mPEG-PTMC films were stable in water at room 

temperature, whereas at 37 oC the films dissociated and the block copolymers self-assembled 

into micellar-like nanoparticles. The dissociation of the films at 37 oC is due to the melting of 

PTMC segments (in the wet state) at this temperature. The critical aggregation concentration 

of the dispersed mPEG-PTMC particles is 1.35×10−3 mg/ml. This thermo-sensitive transition 

from film to micellar-like nanoparticles is applicable in the preparation of controlled drug 

release systems: dexamethasone could be loaded into the mPEG-PTMC nanoparticles at a 

high loading efficiency of 93.3 wt%. The release of dexamethasone was sustained and 

complete in 20 d.  

In Appendix C, stereocomplexation-induced gelation of lactide-containing block 

copolymers in aqueous media was investigated. Linear and star-shaped PEG-PLA block 

polymers form thermo-sensitive hydrogels, the star-shaped block copolymers form gels at 

lower concentrations. Due to stereocomplexation, the sol-gel transitions of enantiomeric 

mixtures occur at relatively lower concentrations and higher temperatures as compared to 

that of the single block copolymers. 

In conclusion biodegradable block copolymers based on trimethylene carbonate, lactides, 

and poly(ethylene glycol) are exciting materials and very promising for a variety of 

applications in medicine.  
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In dit proefschrift zijn de synthese en eigenschappen van biodegradeerbare blok 

copolymeren gebaseerd op trimethyleen carbonaat (TMC), lactides en poly(ethylene glycol) 

(PEG) en mogelijke toepassingen in de geneeskunde beschreven. 

In hoofdstuk 2 is een literatuuroverzicht gegeven over degradeerbare blokcopolymeren in 

relatie tot dit proefschrift. Biodegradeerbare polymeren worden veel toegepast bij operaties 

en in medicijn afgifte systemen en het is van groot belang hun degradatiegedrag te kennen. 

Polymeer degradatie leidt tot verandering van eigenschappen van het materiaal en tot verlies 

van massa en dit process kan optreden in de bulk of aan het oppervlak van het implantaat. De 

karakteristieken van deze verschillende processen, specifiek voor amfifiele blok copolymeren 

samengesteld uit poly(ethyleen glycol) (PEG) en fasegescheiden multiblok copolymeren zijn 

besproken. 

Poly(lactide)s zijn veel toegepaste biodegradeerbare materialen. In het algemeen worden 

deze gesynthetiseerd door ring-opening polymerisatie van lactonen met tin octoaat als de 

katalysator. Van deze alifatische polyesters zijn poly(lactide)s één van de meer bekenden. 

Poly(D,L-lactide) (PDLLA) is amorf, terwijl poly(L-lactide) (PLLA) en poly(D-lactide) 

(PDLA) semikristallijne materialen zijn. Mengen van enantiomere PLLA en PDLA 

polymeren geeft hoog-smeltende stereocomplexen. De eigenschappen van deze verschillende 

poly(lactide)s zijn in dit hoofdstuk samengevat. 

In het algemeen zijn poly(lactide)s stijve materialen en degraderen door hydrolyse in de 

bulk. Vergeleken met poly(lactide)s is poly(TMC) (PTMC) veel elastischer, hetgeen 

voordelig kan zijn voor zachte weefsel toepassingen. Bovendien degradeert PTMC in vivo 

door een oppervlakte erosie mechanisme zonder de vorming van schadelijke, zure 

verbindingen. Dit is vooral interessant voor het ontwikkelen van afgiftesystemen voor pH-

gevoelige medicijnen. De synthese, eigenschappen en biomedische toepassingen van PTMC 

en (co)polymeren gebaseerd op TMC worden eveneens besproken in hoofdstuk 2. 

In hoofstuk 3 is het onderzoek naar het in vivo en in vitro degradatiegedrag van PTMC 

beschreven. Voor de in vivo degradatiestudies zijn PTMC monsters geïmplanteerd in de 

femur en tibia van konijnen. De PTMC materialen degradeerden door oppervlakerosie. De in 
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vitro degradatiestudies zijn uitgevoerd met lipase oplossingen (lipase van Thermomyces 

Lanuginosus) en niet-enzymatische media met pH waarden variërend van 1.0 tot 13.0. In de 

lipase oplossingen bleek het PTMC te degraderen door een oppervlakte erosie proces, maar 

degradatie vindt niet plaats onder zure of basisiche condities. De conclusie is dat enzymen 

een erg belangrijke rol spelen bij de degradatie van PTMC in vivo. 

Verder werd aangetoond dat in zowel in vivo als in enzym oplossingen de oppervlakte 

erosie snelheden van laag moleculair gewicht PTMC monsters significant lager waren dan 

die van hoog moleculair gewicht PTMC monsters. Een mogelijke oorzaak is het meer 

hydrofiele oppervlak van laagmoleculair gewicht PTMC dat de lipase activiteit reduceert. 

In een vervolgstudie is met behulp van atomic force microscopy (AFM) dit enzymatische 

oppervlakte-erosie gedrag van PTMC onderzocht en de resulaten zijn beschreven in 

hoofdstuk 4. Daartoe zijn gespincoate PTMC films met een dikte van 23-48 nm geincubeerd 

in de lipase oplossingen. Na immersie in de lipase oplossingen bleek de ruwheid van het 

oppervlak toe te nemen en de filmdikte af te nemen in de tijd. De enzymatische oppervlakte-

erosie snelheid van de PTMC films was gemiddeld 11.0 nm/min, hetgeen vergelijkbaar is 

met de erosiesnelheid van de veel dikkere, geperste schijfjes als beschreven in hoofdstuk 3. 

Wanneer de contacttijd van de films met de lipase oplossingen beperkt werd tot minder dan 5 

s, was degradatie van het oppervlak minimaal en konden individuele aan het oppervlak 

geadsorbeerde lipase moleculen onderscheiden worden. Door “micro-contact printing” van 

een PTMC film oppervlak met een PDMS stempel en de lipase oplossing was het mogelijk 

een gedefiniëerd microstructuren patroon van verschillende hoogtes op het filmoppervlak te 

maken. Omdat PTMC niet toxisch en compatibel is met verschillende cellen en weefsels, zijn 

PTMC films met zulke micropatronen erg geschikt voor medische toepassingen waarbij cel 

structurering is vereist. 

Toegepast in zachte weefsels worden biodegradeerbare materialen vaak onderworpen aan 

statische en dynamische belasting. Daarom zijn elastomeren gewenst die bestand zijn tegen 

kruip. Lineair PTMC heeft een geringe kruipweerstand onder langdurige statische of 

dynamische belasting. Om de kruipweerstand van TMC materialen te verbeteren, zijn triblok 

copolymeren gebaseerd op TMC en lactides bereid. De resultaten van dit onderzoek zijn 

beschreven in hoofdstuk 5. Thermoplastische elastomeren met goede mechanische 

eigenschappen, vooral met betrekking tot elasticiteit, zijn verkregen door kristallijne 



Samenvatting 

 165 

poly(lactide) blokken van voldoende lengte te gebruiken als de harde blokken van poly(LLA-

TMC-LLA) en poly(DLA-TMC-DLA). De combinatie van deze materialen maakte het 

mogelijk de mechanische eigenschappen en de kruipweerstand verder te verbeteren door de 

stereocomplex vorming tussen enantiomere poly(lactide) segmenten van de triblok 

copolymeren (poly(ST-TMC-ST)). Door variatie van de samenstelling is het mogelijk de 

thermische en mechanische eigenschappen van de blok copolymeren verder te beïnvloeden. 

In Hoofdstuk 6 zijn goed gedefiniëerde, hoog poreuze poly(ST-TMC-ST) structuren met 

doorverbonden poriën beschreven. Deze werden bereid door een methode waarbij poly(LLA-

TMC-LLA) en poly(DLA-TMC-DLA) triblok copolymeren werden gecoprecipteerd met 

zoutdeeltjes. Het precipitaat werd geperst en de zoutdeeltjes werden vervolgens uitgewassen 

met water. Deze hoog poreuze poly(ST-TMC-ST) schijfjes met een porositeit van 87% en 

een gemiddelde poriegrootte van 123 �m hebben een erg goed herstelgedrag na langdurige 

deformatie onder druk. Zulke poly(ST-TMC-ST) materialen en scaffolds zijn interessant 

voor gebruik in celkweek en tissue engineering, waarbij lange termijn mechanische 

deformatie gewenst is. Eerste resultaten laten zien dat deze poreuze structuren in vitro 

degradeerbaar zijn in lipase oplossingen, zoals is beschreven in Appendix A. 

De bereiding van microdeeltjes bestaand uit op PTMC en monomethoxy-poly(ethyleen 

glycol)-PTMC (mPEG-PTMC) diblok copolymeren is mogelijk door een dubbele 

emulsietechniek toe te passen (Hoofdstuk 7). PTMC en mPEG-PTMC microdeeltjes met 

diameters variërend tussen 1 en 50 �m konden worden verkegen. Na vriesdrogen en opnieuw 

dispergeren waren de vorm en de grootte van de microdeeltjes niet significant veranderd. 

Hydrofiele modelverbindingen (BSA, lysozyme en Coomassie Brillant Blue G) konden 

gemakkelijk in de microdeeltjes belanden worden met een hoge efficiëntie van 70%. 

Microdeeltjes beladen met Coomassie Brilliant Blue G lieten een constante afgifte van deze 

blauwe kleurstof zien en meer dan 90% werd afgegeven in 60 dagen.  

Een studie naar het degradatiegedrag van mPEG-PTMC in vitro is beschreven in Appendix 

B. mPEG-PTMC diblok copolymeren degraderen erg langzaam in water en in buffer bij pH 

4, maar in lipase oplossingen (lipase van Thermomyces Lanuginosus) in 20 weken. 

In hoofdstuk 8 is de toepasbaarheid van PTMC homopolymeren en PTMC blok 

copolyeren met mPEG voor afgifte van hydrofobe medicijnen geëvalueerd. Goed 

gedefiniëerde microdeeltjes vervaardigd uit PTMC zijn bereid door enkelvoudige emulsie en 
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uitzout (salting out) methodes, waarbij PVA als stabilisator is gebruikt. De grootte van de 

microdeeltjes kon worden aangepast door de roersnelheden en polymeerconcentraties te 

varëren. De gevormde deeltjes zijn gemakkelijk te vriesdrogen en opnieuw te dispergeren 

zonder veranderingen in de gemiddelde grootte en deeltjesgrootte verdeling. Met een amfifiel 

mPEG-PTMC diblok copolymeer werden nanodeeltjes bereid zonder gebruik te hoeven 

maken van een stabilisator. De grootte van deze mPEG-PTMC deeltjes variëerde altijd tussen 

95 en 120 nm. Deze nanodeeltjes kunnen ook gevriesdroogd worden. 

Dexamethasone kan efficiënt worden opgenomen in PTMC en mPEG-PTMC nanodeeltjes 

tijdens de bereiding met zowel de salting out als de single emulsie methode. Afgifte van 

dexamethasone is constant en diffusie-gecontroleerd. Volledige afgifte werd bereikt in 2 

weken tot 60 dagen. Deze resulaten laten zien dat PTMC en mPEG-PTMC nanodeeltjes 

aantrekkelijk zijn voor de gecontroleerde afgifte van hydrofobe geneesmiddelen. 

Hoofdstuk 9 beschrijft een nieuwe, temperatuurgevoelige overgang van mPEG-PTMC 

films naar micel-achtige nanodeeltjes. “Solvent-cast” mPEG-PTMC films zijn stabiel in 

water bij kamertemparatuur, terwijl bij 37 ºC de films dissocieren en de blok copolymeren 

aggregeren tot micelachtige nanodeeltjes. De dissociatie van de films bij 37 ºC is een gevolg 

van het smelten van de PTMC segmenten bij temperatuur. De kritische aggregatie-

concentratie van de gedispergeerde mPEG-PTMC deeltjes is 1.35.10-3 mg/ml.  Deze 

temperatuurgevoelige overgang van film naar micel-achtige nanodeeltjes kan gebruikt 

worden voor de bereiding van medicijn afgiftesystemen: dexamethasone kon opgenomen 

worden door de mPEG-PTMC nanodeeltjes met een hoge efficiëntie van 93.3 wt%. De 

deeltjes lieten een constante afgifte van dexamethasone zien die volledig was in 20 dagen. 

In Appendix C is een studie naar de stereocomplex-geïnduceerde gelering van lactide 

blokcopolymeren in waterige media beschreven. Lineaire en stervormige PEG-PLA blok 

copolymeren vormen temperatuurgevoelige hydrogelen en de stervormige blok copolymeren 

vormen gelen bij lage concentraties. Door de stereocomplexering treden de sol-gel 

overgangen van de enantiomere mengsels op bij relatief lagere concentaties en hogere 

temperaturen vergeleken met de enantiomere blok copolymeren. 

Het onderzoek beschreven in dit proefschrift laat zien dat biologisch afbreekbare 

blokcopolymeren opgebouwd uit combinaties van PTMC, PLA en PEG materialen opleveren 

met eigenschappen die zeer geschikt zijn voor medische en pharmaceutische toepassingen. 
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Figure 4 in Chapter 5.  

 

 
 

Figure 1A in Chapter 7. 

 

 
 

Figure 2 in Chapter 7. 


