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ABSTRACT 

There are several important factors that need to be considered for successful tissue 

engineering. Key factors are the synthesis and design of the scaffold materials. The 

desired properties of the material are dependent on the application, but essential 

common features are degradability, biocompatibility and processability. Aliphatic 

polyesters have been studied and often used as scaffold materials for tissue 

engineering. However, their lack of biological cues and degradation under high-

temperature processing (e.g., 3D printing) are a limitation. In this thesis, different 

synthesis strategies are presented which has the potential to improve the performance 

of aliphatic polyesters as scaffolds for tissue regeneration. 

 

To stimulate interactions between exogenous materials and the surrounding tissue, 

two different strategies were applied. Either, by designing a two component system 

in which the different degradation profiles of the polymers allow for sequential 

release of growth factors. Or, by peptide functionalization of an aliphatic polyester 

chain using template-assisted chemo-enzymatic synthesis. The results were analyzed 

and confirmed by nuclear magnetic resonance (NMR) and matrix assisted laser 

desorption ionization-time of flight-mass spectrometry (MALDI-TOF-MS). The 

results showed that a hierarchical system was successfully obtained in which the 

poly(L-lactide-co-glycolide)-graft-poly(ethylene glycol) methyl ether (PLGA-g-

MPEG), hydroxyapatite solution formed a gel around and within the pores of the 

poly(L-lactide-co-ε-caprolactone) scaffold at 37 ºC, within 1 min, that was stable for 

3 weeks. The peptide functionalization was also successful where an aliphatic 

polyester of L-lactide was functionalized with different oligopeptides using a grafter 

(ethyl hept-6-enoylalaninate) and chemo-enzymatic synthesis. The functionalization 

was prepared using two different methods: oligopeptides were either grown from the 

polylactide-grafter chain (the grafting from strategy) or from the grafter prior to 

attachment to the polylactide chain (the grafting to strategy). The latter strategy was 

preferred because it generated better control of the molecular weight and number of 

repeating units of the peptides. 

  

The thermal properties of poly(L-lactide-co-hydroxybutyrate) were tailored to 

potentially improve the processability of the aliphatic polyester. The microstructure 

of the copolymer was modified by using single site metal catalysts (yttrium salan and 

aluminum salan catalyst compounds) and different stereoregularity of lactide.  The 

results (which were obtained via NMR and differential scanning calorimetry (DSC)) 

showed that the yttrium salan catalyst was the most successful, yielding high 

molecular weight copolymers in a shorter time. They also showed that the Tg could 



 

be tailored by varying the amount of rac-β-butyrolactone in the copolymer to better 

suit thermal processing techniques, such as 3D printing. 

 

Altogether, the results show different synthesis strategies, which were successfully 

used to tailor and control the microstructure of aliphatic polyesters. The findings are 

believed to be important for the future synthesis and design of scaffold for tissue 

engineering. 

 

Keywords: Polymer synthesis, enzymatic synthesis, degradable polyesters, peptides, 

scaffolds 

  



 

SAMMANFATTNING 

Det är flera faktorer som måste beaktas för att nå lyckad vävnadsregenerering och av 

dem är syntes och design av stödmaterialet (scaffold) bland de viktigaste. Det tänkta 

applikationsområdet ställer olika krav på materialets egenskaper, men generellt är det 

viktigt att materialet är nedbrytbart, biokompatibelt och möjligt att processa. Material 

som studerats och använts mycket för vävnadsregenerering är alifatiska polyestrar. 

Men nackdelar med dessa är att de saknar förmåga att interagera med celler i 

omkringliggande vävnad och att de bryts ner när de bearbetas vid höga temperaturer. 

I den här avhandlingen presenteras därför olika strategier som potentiellt kan 

förbättra användningen av alifatiska polyestrar som stödmaterial för 

vävnadsregenerering. 

 

Olika metoder har använts för att förbättra och stimulera interaktioner mellan 

stödmaterialet och omkringliggande vävnad. I den ena studien tillverkades en 

hierarkisk scaffold med ett tvåkomponentsystem som kan användas för sekventiell 

frisättning av olika molekyler. I de andra studierna funktionaliserades polylaktid med 

oligopeptider genom enzymatisk syntes. Resultaten analyserades med nuclear 

magnetic resonance (NMR) och matrix assisted laser desorption ionization- time of 

flight- mass spectrometry (MALDI-TOF-MS). De visade att tillverkningen av en 

hierarkisk scaffold bestående av sampolymer av laktid och kaprolakton (PLCL), en 

hydrogel (av laktid och glykolid ympad med polyetylenglykol metyleter) och 

hydroxyapatit var lyckad. Sampolymeren av laktid och glykolid ympad med 

polyetylenglykol metyleter bildade en hydrogel runt PLCL vid 37 ºC inom 1 min och 

behöll sina egenskaper i ca 3 veckor. Peptidfunktionaliseringen av polylaktid var 

också framgångsrik. En molekyl med en funktionell grupp (grafter) syntetiserades 

och ympades på polylaktiden. Den initierade i sin tur enzymatisk syntes av 

oligopeptider. Två olika metoder togs fram där graftern användes för att 

funktionalisera polylaktiden med oligopeptider; ”ympad från”- och ”ympad till”- 

metoden. Den sistnämnda metoden ansågs mest lyckad eftersom bättre kontroll av 

produktens molekylvikt och repeterande enheter erhölls. 

 

För att lättare kunna processa alifatiska polyestrar har även sampolymer av laktid och 

β-butyrat tillverkats med ringöppningspolymerisation och ”single site” 

metalkatalysatorer (yttrium-salan- och aluminium-salan-katalysatorer). Genom att 

variera mikrostrukturen i polymeren ändrades glastransitionstemperaturen (Tg), 

vilket i sin tur var tänkt att underlätta vid termisk bearbetning. Resultaten 

analyserades med NMR och different scanning calorimetry (DSC) och visade att 

yttriumkatalysatorn var mest effektiv eftersom polymerer med hög molekylvikt 



 

erhölls på en relativt kort reaktionstid. Resultaten visade även att sampolymerens Tg 

kunde justeras, genom att ändra mängden butyrat, vilket är lovande för framtida 

användning i högtempererade processer, som till exempel 3D-skrivare. 

 

Sammanfattningsvis, visar resultaten olika syntesmetoder där mikrostrukturen hos 

stödmaterialet på ett framgångsrikt sätt kan varieras och kontrolleras. De hoppas vara 

bidragande till framtida forskning inom området vävnadsregenerering. 

 

 

Nyckelord: Syntes av polymerer, enzymatisk syntes, nedbrytbara polyestrar, 

peptider, scaffolds  
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1 PURPOSE OF THE STUDY 

Degradable synthetic biomaterials play a central role in tissue engineering. To 

successfully serve as a scaffold material, the biomaterial properties must be adapted 

to the surrounding environment of the host. The following key demands need to be 

fulfilled. 

 

 Biocompatibility: The material and degradation products should not 

be toxic. It is also valuable if the material stimulates cell attachment 

and differentiation by interacting with the surrounding tissue.  

 Degradability: The material needs to degrade within an acceptable 

time limit, and the mechanical properties need to be maintained as 

long as the body needs it. The degradation products should be 

metabolized by the body and eliminated in a natural way. 

 Processability: It must be possible to adjust the scaffold shape to 

conform to the defected area and to reproduce it. It is also important 

that it is easy for surgeons to handle. 

With this in mind, the aim of this thesis was to develop new strategies, which has the 

potential to improve the performance of aliphatic polyesters sought for scaffold 

materials in tissue engineering. This was explored by tailoring the microstructure of 

the scaffold material. In article one, it was desired to obtain a hierarchical porous 

scaffold with a dual release component system for sequential release of growth 

factors. Adjustment of the hierarchical structure of the scaffold was hypothesized to 

improve the performance of the scaffold (in terms of biocompatibility). Another way 

to improve the performance of the scaffold material was to peptide functionalize the 

surface of polymers (article two and three). In the fourth paper single site metal 

catalysts were used to copolymerize lactide and β-butyrolactone to optimize the 

thermal properties of the copolymer and thus its processability. 
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2 INTRODUCTION 

2.1 BACKGROUND 

The desire to replace or repair defects in the human body has been of interest for 

centuries. Even as early as 300 BC, there are Sanskrit texts in India describing skin 

grafting techniques.1 Today, and over the past few decades, this field is most often 

referred to as tissue engineering. This term describes the interdisciplinary field 

between life science and chemical engineering in which a scaffold material is used to 

regenerate, maintain and improve tissue function.2 The technique is based on the idea 

that cells are seeded onto a degradable polymer support material and then implanted 

(in such a way so that the cells can differentiate), and in turn, the tissue in a defected 

area is regenerated.3 There are many areas in which this technique has been applied 

with promising results (such as bone and cartilage regeneration, blood vessel growth, 

and skin repair).4 Therefore, there is a high demand for scaffold materials with 

properties that are suitable for tissue regeneration. In addition to the fact that these 

materials must have appropriate mechanical properties (which are specific for the 

considered application), there are some overall features that need to be fulfilled; 

 

Degradability; the scaffold material should degrade in an acceptable time frame (i.e., 

adjusted to the cell growth rate of new tissue), and during this time, it must maintain 

its physiochemical properties. The degradation products should be metabolized and 

excreted, leaving no trace in the body.  

 

Biocompatibility; for successful tissue regeneration, the material should be able to 

contact the surrounding tissue without causing an undesirable degree of harm. There 

should be a mutually acceptable co-existence between the material and cells without 

a toxic response or rejection. This does not mean that the material should be inert. In 
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contrast, to achieve successful tissue regeneration, there must be specific and direct 

interactions between the material and the surrounding tissue.5 

 

Processability; the material must be processable (i.e., have thermal and mechanical 

properties that allow it to be molded into specific forms) so that it can mimic the 

shape of the defect area. Most often, the desired scaffold shapes are complex three-

dimensional (3D) structures. Printing scaffolds to the desired shape has therefore 

become a popular way to design scaffolds, and this process requires certain material 

properties (such as the viscosity and thermal stability) to be successful. Another 

important aspect is the design of the scaffold. It needs to be “user friendly” for 

surgeons, which in turn will facilitate surgical implantation. 

 

Research within tissue engineering contributes to human health and in turn social 

sustainability. The technique regenerates lost tissue in a sustainable way, where 

instead of replacement of a permanent implant, tissue is regrown with aid from a 

support material. The need for regenerative medical techniques is extensive. Today, 

the treatments for lost tissue due to different trauma or diseases are costly, both 

energetically and economically. Research within the field of tissue engineering 

generates a way to minimize these costs by, for example, avoiding multiple surgeries 

and the usage of permanent implants. 

2.2 POLYMERS AS SCAFFOLDS FOR TISSUE ENGINEERING 

There are many interesting polymers that have been used for tissue engineering. They 

can be divided into two large groups; synthetic polymers and natural polymers. 

Natural polymers are derived from natural resources, such as animals and plants. 

Examples of natural polymers used in tissue engineering are silk, collagen and 

chitosan.6,7 They are good in the sense that they are biodegradable, naturally bioactive 

and can provide receptor-binding ligands that are recognized and accepted by cells. 

However, the bioactivity can also be a drawback since it can cause undesired cell 

interactions and infections. Additional drawbacks are the structural complexity, 

purification difficulty and poor control of molecular weight and dispersity.8 Synthetic 

polymers are chemically synthesized, and the molecular weight, dispersity and purity 

of the polymers can therefore be more easily controlled. It is also much easier to tailor 

their chemical and mechanical properties because the material can be designed down 

to the molecular level. The most common challenges with synthetic polymers are 

their non-degradability and their lack of functional groups. To overcome this 



                                                                                  INTRODUCTION 

4 

problem, many different types of synthetic degradable polymers with and without 

functional groups have been developed, such as aliphatic polyesters (e.g., 

poly(lactide-co-glycolide) (PLGA)9), hydrogels (made of, for example, poly(ethylene 

glycol) (PEG) and polycaprolactone (PCL))10, polypeptides11 and peptide 

functionalized polyesters12–14. 

 

2.2.1 Polyesters 

Polyesters are a group of degradable polymers that have been broadly used within the 

biomedical field, for example, as sutures, bone screws and for drug delivery systems. 

They are of interest for tissue engineering because of their degradability and the 

ability to vary their properties (such as mechanical and thermal properties) through 

modulation of the polymer chain.15–17 

 

2.2.1.1 Aliphatic polyesters 

One of the most common polyesters used in biomedical applications are the aliphatic 

polyesters (e.g., polylactide (PLA) and polyglycolide (PGA)). Three different 

stereoisomers of lactide (LA) are known: L-lactide (LLA), D-lactide (DLA)) and 

meso-lactide. These stereoisomers give rise to four morphologically different 

polylactide polymers, poly(D-lactide) (PDLA), poly(L-lactide) (PLLA), poly(D, L-

lactide) and poly(meso-lactide). Generally, polymerization of LLA is the most 

frequently used, mainly because the L-enantiomer is the most common form in 

nature.  However, depending on the application, other LA monomers are also of 

interest. For example, poly(D, L-lactide) is used in drug delivery applications when 

an amorphous polymer is desired for homogenous dispersion of the active species 

within the carrier matrix. The degradation time of PLA depends on the degree of 

crystallinity and the molecular weight of the polymer. It can last a couple of months 

up to several years. Typically, the mechanical properties are lost in less than 3-4 

years, but smaller crystalline fractions can remain in the host for up to 50 years.18 The 

glass transition (Tg) and melt transition (Tm) temperature are also dependent on the 

crystallinity and molecular weight, and the Tm typically ranges between 170 and 230 

ºC and the Tg between ca. 50 and 60 ºC.19 

 

To adjust the degradation time and Tg of PLA, it is often copolymerized (by ring 

opening polymerization, ROP) with glycolide (GA) or ε-caprolactone (ε-CL). PGA 

is the simplest linear aliphatic polyester, with Tg and Tm values of 36 ºC and 225 ºC, 

respectively. Compared to PLA, it has a much faster degradation profile. After 2 

months, 40 % of the polymer is degraded, and all of the mechanical properties are 

lost.20 PCL is a semi-crystalline polyester with a low Tg and Tm (-60 ºC and 59-60 
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ºC). It has a slower degradation time compared with PGA and PLA.21 Through 

copolymerization, the degradation time of PLA can therefore either be extended using 

ε-CL or shortened using GA. This approach has been successfully applied in 

biomedical products, such as sutures (Vicryl™ and polyglactin 910™, which are 

poly(L-lactide-co-glycolide) [PLGA] copolymers) and drug delivery devices 

(SynBiosys™, which is a block copolymer of ε-CL, LA, GA and PEG).21–23 

 
2.2.1.2 Bacterial polyesters 

Poly(hydroxybutyrate) (PHB) is a polyester that is usually derived from bacteria 

through fermentation of carbohydrates. However, it can also be synthesized from the 

monomer (β-butyrolactone). Due to the stereogenic center of the monomer, there are 

two different forms: (R)-β-butyrolactone ((R)-β-BL) and (S)- β-butyrolactone ((S)-β-

BL) and their racemic mixture (rac-β-BL). From these monomers, three 

morphologically distinct polymers (R)-PHB, (S)-PHB and atactic-PHB, are obtained. 

(R)-PHB is synthesized by bacteria and is isotactic and highly crystalline and brittle 

(Tg: 5-9 ºC, Tm: 173-180 ºC24). It has a slow degradation rate and a thermal 

degradation temperature very close to the Tm (180 ºC).23,25,26  

 

The thermal and mechanical properties of PHB can be adjusted by changing the 

isotacticity of the polymer (i.e., synthesis of atactic-PHB and syndiotactic-PHB). 

This has been successfully achieved with ROP of rac-β-BBL and an appropriate metal 

catalyst.27–30 For example, the Tm decreases from 177 ºC to 92 ºC when the isotactic 

fraction is decreased from 1 to 0.68, and Young’s modulus of PHB films decreased 

from 1560 MPa to 60 MPa when the isotactic fraction decrease from 1 to 0.3.26 The 

properties of PHB can also be varied through copolymerization with, for example, 

LA.31–33 The degradation profile of PHB is different from the degradation hydrolysis 

of PLA and PGA (where bulk degradation of larger implants sometimes results in 

burst release of acids (e.g., lactic acid))34. Since PHB is produced by bacteria for 

energy storage, they are naturally degraded by the host environment by enzymatic 

hydrolysis. The degradation product (acetyl acetate acetyl-CoA) enters the citric 

acid cycle and is oxidized to CO2.24 

 

2.2.1.3 Functionalized polyesters 

Synthetic polyesters are not bioactive, which means that they do not interact very 

well with the surrounding cells of the host. To enable and control the interactions, 

functional groups (such as vinyl, epoxy and thiol groups) can be grafted or 

incorporated into the main chain of the polyester. Second, these functional groups 

can be used to modulate the surface properties of the polyester by protein attachment. 

Common methods to graft functional groups and in turn add proteins are UV, 
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electron, γ, and X-ray irradiation. However, these methods are not suitable for 

polyesters because they cause degradation.35,36 There are methods that are considered 

milder, and thus, degradation can be avoided. For example, Albertsson et al. 

developed a method called vapor-phase grafting (VPG), which successfully grafted 

vinyl monomers onto the polyester chain.37,38 Another way to functionalize polyesters 

is to functionalize the monomers and then synthesize them through ROP. Undin et 

al. functionalized a polyester-based copolymer with epoxy groups that were then used 

to attach heparin, and Fuoco et al. synthesized PLA with pendant thiol groups that 

were then covalently linked through a disulfide reaction with an arginine-glycine-

aspartic acid oligopeptide.12,14  

 

Another way to attach molecules to a thiol-functionalized polyester is through a 

radical-mediated thiol-ene click reaction. A “click” reaction is defined as a versatile 

synthesis technique to obtain products in high yield with no, or a small amount, of 

easily removed byproducts. The thiol-ene click reaction is particularly interesting 

because it is selective and fast, with high acceptance of many different thiols and 

enes. Radical-mediated thiol-ene click reactions are usually initiated by UV light or 

by heat. The generated radical then reacts with the C=C bond through 

hydrothiolation, resulting in the thiol-ene addition product concomitant with a new 

radical. The termination usually involves a radical-radical coupling reaction.39 

 

 

Scheme 1. Radical mediated thiol-ene click reaction initiated by heat. 

2.2.2 Hydrogels 

Hydrogels are interesting scaffold materials because of their high water content, 

which is similar to that of the extra cellular matrix (ECM), and their easy 

processability.40 Hydrogels are polymer networks that are cross-linked either 

chemically by covalent bonds (also referred to as permanent or chemical gels) or 

physically by intermolecular interactions (also referred to as reversible or physical 

gels). To absorb and maintain water within the network, the hydrogels must be 

hydrophilic. Hydrogels can absorb water from 10-20 % up to thousands of times its 

dry weight. The volumetric swelling ratio (Q) (i.e., the ratio between the volume of 

the water-swollen gel and the volume of the dry polymer) represents the water content 

of the swollen hydrogel (based on the structure of the hydrogel, thermodynamically 

predicted) and the polymer-solvent interaction parameter. The mechanical properties 

of the gel are related to the number of crosslinks in the gel (cross-linking density 
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(ρx)), which is related to the shear modulus (G)40–42. There are many examples of 

hydrogels that have been and still are used in biomedical applications. For example, 

poly(2-hydroxyethyl methacrylate) (PHEMA)43 is used for contact lenses and 

copolymers of N-isopropylacryl amine (NIPAM) and acrylic acid (AA) is used for 

drug delivery.44,45  

 
2.2.2.1 Self-assembling hydrogels 

NIPAM hydrogels are examples of self-assembling hydrogels, which form a gel due 

to an external stimulus such as pH or temperature. Another example, is the 

poloxamers which are block copolymers of ethylene oxide (EO) and propylene oxide 

(PO).  The gelation behavior of these copolymers is due to their amphiphilic 

character, where there are aggregates of the copolymer that are soluble in water (i.e., 

hydrophilic parts) and aggregates that are not (i.e., hydrophobic parts). When 

dissolved in aqueous solutions, they forms a micelle structure, with the hydrophobic 

domains folded inward and the hydrophilic portion directed outward. When they 

aggregate, a hydrogel forms. The gelation is temperature-, salt- and polymer 

concentration-dependent.46,47 The lowest critical solution temperature (LCST) is the 

lowest temperature at which the polymer solution transitions to a gel. Below this 

temperature, the system is a solution.42  

 

Self-assembling hydrogels are interesting as scaffolds in tissue engineering because 

they can be formed without toxic solvents, cells and growth factors can easily be 

incorporated, and they can be injected directly into the defect area. Depending on the 

molecular weight, molecular structure and the block lengths of the copolymer, the 

LCST can be adjusted.44 This means that it is possible to design a self-assembling 

polymer that is a solvent at room temperature and becomes a gel at body temperature 

(37°C). With these gelling properties, the copolymer can be used as an injectable 

scaffold, which is highly desirable because painful surgeries can be avoided and 

certain defect areas can be more easily reached.  

 

However, poloxamers and NIPAM hydrogels are not degradable. Moreover, in vivo 

tests using poloxamers have shown large immune responses upon injection into the 

host. 42 To overcome these problems, other block copolymers based on degradable 

polyesters have been developed, such as poly(ethylene oxide-b-lactide-b-ethylene 

oxide), (PEO-PLLA-PEO)48 and block co-polypeptides of lysine and leucine.11  
 

2.2.2.2 Poly(ethylene glycol) self-assembling hydrogels 

Due to its non-toxic behavior, PEG has been used extensively as the hydrophilic 

portion of self-assembling hydrogels. PEG is a bifunctional polymer with hydroxyl 

groups at both ends, which can easily be replaced by functional groups, such as 
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amines and methoxy groups. Different molecular weights and structures of PEG are 

used to synthesize self-assembling hydrogels.49,50 However, the molecular weight 

should never be above 10000 g/mol because it cannot be filtered through the 

kidneys.48,51 By varying the chain length of PEG and its secondary structure, the sol-

gel temperature can be adjusted. However, the degradation time is also affected and 

in many cases is too short for tissue regeneration. Jeong B. et al. successfully 

developed self-assembling hydrogels of PEG, PLLA and PGA with different 

secondary structures. 44,52 By grafting PEG to a PLGA chain, he designed a hydrogel 

that lasted up to three months in vivo.53–55 
 

2.2.3 Polypeptides 

Since the polyesters lack biofunctional groups, there is interest in using amino acids 

for copolymerization with biodegradable synthetic polymers and for synthesis of 

polypeptides. It is well known that polypeptides self-assemble due to intermolecular 

interactions (mainly hydrogen bonding), and this has been studied for synthesis of 

peptide hydrogels both for drug delivery and tissue engineering. 11,56,57 Polypeptides 

are most often prepared by ROP of α-amino acid-N-carboxyanhydrides (NCAs), 

recombinant DNA techniques, and solid phase peptide synthesis (SPPS). All these 

techniques are suitable for designing certain types of proteins (i.e., polypeptides with 

precise control of the monomer sequence). On the other hand, these synthesis 

techniques are expensive, laborious and require toxic solvents.58–60 

 

An interesting alternative to the above synthesis techniques is chemo-enzymatic 

synthesis, which uses enzymes (proteases) as catalysts for peptide synthesis. The 

method is simple, cost effective and can be performed in mild conditions (natural pH 

and low temperature).61 The properties of the polypeptides (in terms of stimuli 

responses and cell interactions) can be adjusted by choosing different types of amino 

acids. The amino acid side group gives peptides different functionalities and 

consequently different polarities and charges. Peptide sequences of lysine and 

arginine are often used in DNA and drug delivery applications, because they can be 

used for transportation through the plasma membrane of the cell.62,63 Polyserine is a 

non-charged water-soluble peptide that has also has been used in drug delivery 

because it is not pH dependent and does not have a limited circulation lifetime (since 

it does not aggregate with oppositely charged polypeptides).64 
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2.3 SYNTHESIS TECHNIQUES 

2.3.1 Ring opening polymerization (ROP) 

ROP is one of the most common and successful ways to prepare degradable polymers 

from cyclic monomers, such as lactones and epoxides.65 It was originally developed 

in the early 20th century by Carothers et al.66–68 Today, there are several types of 

ROPs, which can be defined by the type of catalyst and initiator used (e.g., radical 

ROP, anionic ROP, enzymatic ROP and insertion-coordinative ROP). The 

polymerization is most often prepared in bulk or in solution, but can also be prepared 

by emulsion and dispersion polymerization. In synthesis of polymers sought in 

biomedical applications, insertion-coordination ROP using metal alkoxide catalysts 

is the most successful and frequently used.16 Compared to other ROP reactions, it 

gives a high molecular weight polymer with low dispersity.15,16  

 
2.3.1.1 Metal alkoxide catalysts 

Stannous octoate, (Sn(Oct)2) is a common metal catalyst used in coordination-

insertion ROP of degradable polymers.69 This is simply because it is efficient (gives 

high molecular weight polymers in a short reaction time) and can be dissolved in 

most solvents. Sn(Oct)2 is a carboxylate and therefore needs a co-initiator (usually an 

active hydrogen compound such as water or alcohol). The exact mechanism for 

coordination-insertion ROP using Sn(Oct)2 has still not been fully determined. 

However, most agree that it can be described as a two-step reaction in which the 

Sn(Oct)2 catalyst forms a complex with the co-initiator, after which, Sn(Oct)2 binds 

to the monomer and starts the propagation (scheme 2).70,71 

 

 

Scheme 2. Catalytic mechanism of stannous octoate (Sn(Oct)2). 
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Additional interesting metal catalysts for synthesis of degradable polymers are the 

single site metal catalysts. Compared with Sn(Oct)2 and other homoleptic metal 

alkoxide complexes (with which, it can still be complicated to control the polymer 

molecular weight and dispersity due to multiple nuclearities), single site metal 

catalysts can decrease the dispersity and give highly stereoregular polymers, and they 

function at lower temperatures.27 The formula for single site metals catalysts is LnMR. 

M stands for the central metal atom being used, L is the ligand, and R is the initiating 

group. By varying the structure of the initiating group R and the ligands, precise 

control of the molecular weight, polymer stereochemistry and comonomer 

incorporation can be achieved.72 Chromium30, yttrium28,73,74 and aluminum 

complexes75–79 are examples of efficient single site metal catalysts that have been 

used for ROP of cyclic esters, such as LA and β-BL.  

 

The yttrium catalyst (bearing different types of ligands, e.g., salen- or salan-type) are 

of special interest because they are efficient (i.e., short reaction time) and offer good 

control of stereoregularity.73 The results have been very promising, especially for 

synthesis of PHB with different stereoregularity. Instead of using bacteria (which is 

expensive, laborious and difficult to control) PHB with controlled stereoregularity 

and tuned physical properties can be prepared.26 Figure 1 below shows an example 

of an yttrium complex with N,N’-dimethyl-N,N-bis[(3,5-di-t-butyl-2-

hydroxyphenyl)methylene]-1,2-diaminoethane as salan ligand. 

 

 

 

 

Figure 1. Single site yttrium complex bearing an N,N’-dimethyl-N,N-bis[(3,5-di-t-

butyl-2-hydroxyphenyl)methylene]-1,2-diaminoethane salan ligand. 
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2.3.2 Enzymatic synthesis 

Enzymes have been used as biocatalysts in organic chemistry since Emil Fisher 

presented “the key and lock theory” in 1894, followed by the kinetic study of 

enzymatic reactions by Michaelis and Menten in 1913.80–82 Today, enzymatic 

synthesis is used in many different applications in the food, textile and medical 

industries. Connected to these fields is the synthesis of polyesters and polypeptides. 

There are many different types of enzymes that can be used for enzymatic 

polymerization. 83 Lipases and proteases belong to the group of hydrolases that 

hydrolyze amino acid bonds in the presence of water. Since the process is reversible, 

they can also be used for polymerization. For example, lipases have been used as the 

catalyst in ROP of lactones (such as LA)84,85, and proteases are used to catalyze the 

formation of polypeptides from amino acid esters (via chemo-enzymatic synthesis).86 
 

The synthesis of polypeptides using proteases as catalysts has been known since the 

early 1950’s.87,88 However, only in the past decade have researchers become 

interested in this synthesis method for synthesis of biomaterials for tissue engineering 

and gene delivery.89–92 The technique is considered environmentally friendly since it 

is carried out in an aqueous solution under mild conditions (natural pH, low 

temperature and low pressure) using catalyst derived from renewable resources (e.g, 

papain derived from the papaya fruit). The synthesis can be carried out using two 

different techniques, kinetically controlled or thermodynamically controlled 

synthesis. In kinetically controlled synthesis, the enzyme initiates the reaction and 

binds to an ester substrate to form an acyl-enzyme intermediate. A new ester substrate 

acts as a nucleophile and binds to the acyl-enzyme intermediate, forming a new 

peptide bond. The synthesis is in competition with water, which hydrolyzes peptide 

bonds as a side reaction. In the thermodynamically controlled process, the enzyme is 

used to speed up the reaction by lowering the energy of the transition state. The 

reaction is far to the side of the educts, and therefore, the enzyme is essential to shift 

the reaction in favor for the products. Of these two synthesis techniques, the 

kinetically controlled process is the most frequently used in synthesis of polypeptides 

sought for tissue engineering and gene and drug delivery. This is because it is more 

time efficient, requires lower enzyme concentrations and usually gives higher 

yields.93 

 

Many different types of enzymes can be used to catalyze peptide synthesis, but the 

most studied are proteases (such as α-chymotrypsin, bromelain and papain).90,92,94 In 

part, this is because they are stereo- and regio-specific catalysts that operate in mild 

reaction conditions (e.g., pH 6-8). They are also easy to handle and do not require 

expensive co-factors.95 In nature, proteases hydrolyze peptide bonds, but under the 
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right conditions (e.g., pH, temperature and substrate concentration), they can also 

catalyze peptide bond formation.90,92,96  

 

2.3.2.1 Papain 

Papain is a plant peptidase that is found in the papaya fruit (Carica papaya). It 

belongs to one of the most studied enzyme groups (cysteine proteases), and typical 

for these enzymes, it has a catalytic dyad consisting of cysteine 25 (C25) and histidine 

159 (H159).97 The function of papain is to hydrolyze peptide bonds (i.e., proteins). In 

general, it has a broad substrate specificity but prefers amino acids with large 

hydrophobic side chains at the P2 position. It is also an endoprotease, which means 

that it cleaves the amine bond in the middle of the peptide chain.98  

 

Papain functions over a broad pH interval with a bell-shaped dependence centered, 

where the pKa ranges from ca. 4-8. Between these pH values, the amino acids of the 

active site are in a mono-protonated stage, in which the thiol and imidazole ring share 

one proton. At this stage, papain is considered to be activated and can catalyze 

aminolysis and hydrolysis of peptides. If the pH is below 4, both amino acids are 

protonated, and at pH 8, neither of the groups are protonated and catalysis cannot 

occur (i.e., the enzyme is inactivated). 

 

 

Figure 2. The catalytic mechanism of papain, illustrating by the catalyzed synthesis 

of polyalanine. 



                                                                                  INTRODUCTION 

13 

The catalytic mechanism of papain (aminolysis of alanine ethyl ester is presented) is 

shown in figure 2. First, a nucleophilic attack is performed on the acyl-group of the 

substrate (oligoalanine) by the thiol in C25 assisted by H159 acting as base. The 

negative charge on the carbonyl oxygen is stabilized by an oxyanion hole (backbone 

amides of C25 and Q19). Second, the nucleophilic amino acid enters the active site 

and attacks the acylated papain. The first tetrahedral intermediate (TI1) is formed with 

the electron lone pair (n) of the reacting nitrogen oriented toward protonated H159. 

For the reaction to proceed, the electron pair needs to be oriented antiperiplanar to 

the C-N bond to obtain favorable n-σ* orbital overlap.99 Therefore, during formation 

of the enzyme-acyl intermediate (transition state of inversion, TSinv), there is a 

rotation of the reacting C-N bond, resulting in the second tetrahedral intermediate 

(TI2). This process (where hydrogen bonding facilitates the high energy transition 

state of nitrogen inversion) is a universal strategy used by proteases, regardless of the 

protein conformation or composition of the active site.100,101 In the final step, the new 

peptide bond is formed (i.e., the sulfur of C25 leaves upon carboxyl bond formation), 

and the active site returns to the activated state. 

 

It is also important to have in mind that water can react with the acyl-enzyme 

intermediate instead of the substrate. In this case, instead of aminolysis, hydrolysis 

will occur, which degrades the peptide chain to amino acids. To avoid this side 

reaction, there should be an excess of amino acid esters, which favors aminolysis over 

hydrolysis. Furthermore, papain also hydrolyzes other types of esters (since it has 

esterase activity), which means that it can degrade polymers such as PLA and PGA.102 
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3 EXPERIMENTAL  

3.1 MATERIALS 

LLA and GA were bought from Purac (Netherlands). The GA was used as received, 

and the LLA was used as received (in article one) or recrystallized in toluene and 

dried in vacuo (in articles three and four). Aluminum (III) isopropoxide, yttrium (III) 

isopropoxide, poly(ethylene glycol) methyl ether (MPEG; Mn = 500 g/mol), 

anhydrous tetrahydrofuran (THF), anhydrous acetonitrile, N,N-

diisopropylethylamine (DIPEA), anhydrous dichloromethane (CH2Cl2), Dulbecco’s 

modified Eagle’s Medium (D-MEM), Pluronic F127, anhydrous magnesium sulfate 

(MgSO4), triethylamine (NEt3), 6-heptenoic acid, thionyl chloride (SOCl2), 

trifluoroacetic acid (TFA), triethylsilane (SiHEt3), stannous octoate (Sn(Oct)2), 2,2′-

azobis(2-methylpropionitrile) (AIBN), alanine ethyl ester (A-Et), lysine ethyl ester 

(K-Et), serine ethyl ester (S-Et), arginine ethyl ester (R-Et), and papain (papaya 

proteinase I from Carica papaya) (article 3) were ordered from Sigma-Aldrich 

(Germany) and used as received. Rac-β-BL (Sigma-Aldrich) was dried for 12 h over 

calcium hydride and then distilled in vacuo and stored over 3 Å molecular sieves 

inside a glove box. In article two, papain was bought from Wako Pure Chemicals 

(Osaka, Japan) and purified prior to use. It was dissolved in distilled water (MilliQ) 

and centrifuged (12000 *g for 30 min). The precipitate was removed, and the 

supernatant (containing the enzyme) was frozen and lyophilized for 24 h. 

Hydroxyapatite (HA) was purchased from Riedel-de Häen, Germany. 

 

Diblock and alternating peptides of L-lysine and L-alanine synthesized using 

standard 9-fluorenylmethoxycarbonyl solid-phase peptide synthesis were ordered 

from RIKEN institute (Wakoshi, Japan). 3-Methyl-6-(tritylthiomethyl)-1,4-dioxane-

2,5-dione (TrtS-LA) was synthesized and provided by T. Fuoco et al.14 The salan 

ligand N,N´-dimethyl-N,N´-bis[(3,5-di-t-butyl-2-hydroxyphenyl)methylene]-1,2-
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diaminoethane and the yttrium-salan compound were prepared according to previous 

research.74,103  

 

Toluene (HPLC grade, stirred over calcium hydride, distilled and stored in glove box 

above 3 Å molecular sieves), dichloromethane, hexane, heptane, methanol and 

chloroform were ordered from Fisher Scientific, USA. Sodium hydroxide and sodium 

hydrogen carbonate were ordered from VWR (Sweden), and 0.1 mM phosphate-

buffered saline solution (PBS) was ordered from PAA (Austria). 

 

Deuterochloroform (CDCl3, Cambridge Isotope Laboratories), deuterium oxide 

(D2O, Sigma Aldrich) and hexadeuterodimethyl sulfoxide (d-DMSO, Wako Pure 

chemicals) were used as received.  

 

3.2 CHARACTERIZATION METHODS 

 

3.2.1 Nuclear magnetic resonance (NMR) 

The molecular structure of the polymers was analyzed with NMR using a Bruker 

Advance DPX-400 NMR instrument operating at 400 MHz. An autosampler was 

used to load the samples, and the analyses were performed in either deuterated 

chloroform or deuterium oxide. Tetramethylsilane (TMS) was used as the internal 

standard. 

 

The block and random co-oligopeptides were analyzed on a Varian system 500 NMR 

instrument operating at 500 MHz. The samples were analyzed in D2O, and TMS was 

used as the internal standard. 

 

3.2.2 Matrix assisted laser desorption ionization- time of flight- mass 

spectrometry (MALDI-TOF-MS) 

Three different MALDI-TOF-MS instruments were used to determine the molecular 

weight and chemical structure of the synthesized polymers. 

 

An Autoflex speed Ultraflex MALDI-TOF mass spectrometer (Bruker, Germany) 

equipped with a SCOUT-MTP ion source in reflector mode with a nitrogen laser was 
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used to analyze epoxy-terminated poly(ethylene glycol) methyl ether (eMPEG) and 

poly(L-lactide-co-glycolide)-graft-poly(ethylene glycol) methyl ether (PLGA-g-

MPEG). Super 2,5-dihydroxybenzoic acid (SDHB) (10 mg/ml) was used as the 

matrix, and the eMPEG and PLGA-g-MPEG samples were dissolved in a 1:1 mixture 

of dichloromethane and methanol (1 mg/ml) with sodium iodide (NaI) (1 mg/ml) used 

as a cationizing agent. The spectrum obtained from the analysis was based on 

accumulation of 10 spectra for every acquired spectrum, with 200 laser shots at 10 

different points. The laser power was set to 40-50 %, and the mass to charge ratio 

range was 550 to 3000 m/z. 

 

The random and block co-oligopeptides of lysine and alanine were analyzed with an 

Autoflex speed MALDI-TOF mass spectrometer (Bruker, Germany) equipped with 

a SCOUT-MTP ion source in reflector mode with a nitrogen laser. Briefly, 1 mg/ml 

of the polypeptides were dissolved in a 1:1 mixture of acetonitrile and water, and α-

cynao-4-hydroxy-cinnamic acid (HCCA) was used as the matrix (10 mg/250 μL). 

The spectra were based on 500 accumulated spectra taken by sample carrier, random 

walk (50 spots over a limited area (D: 2000 μm)). The mass to charge ratio range was 

0-2000 m/z with matrix suppression (deflection 450 Da). The samples (0.5 μl) were 

put on stainless steel target plates (using the layer by layer preparation technique), 

and the analysis was run in positive ion mode. 

 

Poly(L-lactide-co-butyrolactone) (PLBL) was analyzed with a 4800 MALDI 

TOF/TOF analyzer (applied biosystem, MA, USA) with a Nd:YAG laser working in 

positive ion mode (wavelength: 355 nm). The samples were dissolved in THF (5-10 

mg/ml), and 0.1 M 2-(4-hydroxyphenilazo)benzoic acid (HABA) was used as the 

matrix. Polymer and matrix solutions were prepared (1:1, 1:2, 1:3, sample:matrix 

(v/v)), and then, 2 μl was spotted on the target plate. The mass to charge ratio range 

was set to 1000-2000 m/z. 

 

The results were analyzed with Flex control software. 

3.2.3 Size exclusion chromatography (SEC) 

To determine the average molecular weight (Mn) and dispersity of the polymers, SEC 

was used. Depending on the chemical properties of the polymer, different mobile 

phases were used. eMPEG, PLCL and PLBL were analyzed on a Verotech PL-GPC 

50 plus system equipped with two columns (PLgel 5 µm MIXED-D (300*7.5 mm)) 

and a PL-RI detector (Varian, Germany), with chloroform as the mobile phase (0.5 

mg/ml, filtered). An autosampler adjusted to the PL-GPC 50 Plus was used with an 

eluent running speed of 1.0 ml/min at a temperature of 30 ºC. A calibration curve was 
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obtained using polystyrene standards with a molecular weight range of 162-371100 

g/mol. Toluene was used as the internal standard. 

 

PLA grafted with oligopeptides (polylactide-graft-oligopeptides) prepared using the 

grafting technique was analyzed on a TOSOH EcoSEC HLC-8320 SEC system from 

PSS GmbH with dimethylformamide (DMF) as the mobile phase (2.5 mg/ml, 

filtered). The flow rate was set to 0.2 ml/min with a temperature of 35 ºC. The GPC 

system was equipped with three columns (PSS PFG 5 mm; Microguard, 100 Å and 

300 Å) (𝑀W resolving range: 300-300 000 Da), and the detector was an EcoSEC RI. 

PEG standards (narrow linear, 106-44000 g/mol) were used to obtain the calibration 

curve, and toluene was used as the internal standard. 

3.2.4 Different scanning calorimetry (DSC) 

A METTLER TOLEDO DSC 820 module (with an autosampler under a nitrogen 

flow, 50 ml/min) was used to analyze the thermal properties of PLBL. The analysis 

program was as follows: heating from -20 ºC to 220 ºC with a heating rate of 10 

K/min, holding at 220 ºC (two minutes), cooling to -20 ºC with a cooling rate of 10 

K/min, holding at -20 ºC for another two minutes and then reheating to 220 ºC 

(heating rate of 10 K/min).  

 

3.2.5 Contact angle measurement 

The contact angles of polylactide-graft-oligopeptides were analyzed with a CAM 200 

contact angle system. The films were prepared from a 10 mg/ml solution of the 

polylactide-graft-oligopeptides in chloroform, which was allowed to evaporate on 

glass slides. The contact angle was measured by placing a droplet of distilled water 

(MilliQ) on the films, and then, the angle was measured using the software CAM 

2008. Triplicate samples were measured for every film, and the average values were 

calculated from the results.  

 

3.2.6 Energy-dispersive X-ray spectroscopy – scanning electron 

microscopy (EDS-SEM) 

An ultra-high-resolution SEM microscope (Hitachi S-4300) equipped with an X-

MaxN 80 Silicon Drift Detector (SDD) (Oxford Instruments, USA) was used to 

analyze the distribution of nitrogen in the samples. Films of PLA grafted with either 
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oligolysine or oligoarginine were prepared from 10 mg/ml solutions in chloroform, 

which was allowed to evaporate on glass slides.  The films were coated with 4 nm of 

platinum using an automatic sputter coater (Agar Scientific, Stansted, UK). Images 

were taken at 500 times magnification using an acceleration voltage of 10 kV. 

 

3.2.7 Molecular dynamics simulation 

The molecular dynamics (MD) simulations were obtained using the simulation 

program “Yet Another Scientific Artificial Reality Application” (YASARA). X-ray 

crystal structures were obtained of Papain (Proteinase I from Carica papaya) 

complexed with leupeptin (PDB ID code 1POP).98,104 The hydrogen network was 

optimized using an Amber14 force field. Missing hydrogens were added to the 

starting enzyme structure. Two different grafters (substrates) were used (ethyl hept-

6-enoylalaninate and ethyl 6-heptenoate). They were modeled as tetrahedral 

intermediates in P1 position according to the Schechter and Berger nomenclature.105 

The four amino acid ethyl esters (A-Et, K-Et, S-Et and R-Et) were modeled in the 

P1’ position, and the crystallographic water molecules were kept in the simulation. 

When ethyl 6-heptenoate was used as grafter it was only simulated together with A-

Et. First, the energy was minimized by steepest descent and simulated annealing on 

all the hydrogens, with the remaining atoms fixed. Second, it was performed on all 

atoms. AUTOSMILES106 methodology was used to conduct force filed 

parameterization of the substrates, and all simulations were performed in a water box 

that contained ca. 5000 explicit water molecules. The pH was set to 7.6, and the 

simulation cell was neutralized by addition of 0.9 % NaCl. Adequate protonation 

states of the side chain were predicted using the empirical method built into 

YASARA.107 Particle mesh Ewald (PME) was set to 8 Å (this accounted for long-

range electrostatics during MD simulations and the cut off for the Van der Waals 

interactions)108, and the MD simulations were ran for 180 ns with time steps set to 1 

fs. The molecular forces were obtained from calculations every second sub step, and 

snapshots were saved every 2.5 ps. The MD simulations were carried out at 313 K 

using the canonical ensemble with a Berendsen thermostat and the Amber14 force 

field. 

 

3.2.8 Cell viability test 

A standard cell viability test of the random and block co-oligopeptides of lysine and 

alanine was prepared. Human mesenchymal stromal cells (hMSCs) were cultured in 

100 µl of D-MEM for 48 h. They were then added to 96-well plates (8000 cells/well) 
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in D-MEM (pH 7) containing three different concentrations of the oligopeptides (3, 

15 and 30 g/L) and incubated for 24 h at 37 ⁰C. The results were compared to three 

blanks. In one blank, cells were cultured without the oligopeptides (negative blank). 

The second blank was similar to the negative blank but with addition of 0.1 % Trixon 

(positive blank), and the third contained only D-MEM (blank control). The samples 

were analyzed with a standard 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2H-tetrazolium (MTS) assay (Promega, Madison, WI). The 

cell viability was determined from equation 1 below: 

 

 

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝐴490,𝑜𝑙𝑖𝑔𝑜𝑝𝑒𝑝𝑡𝑖𝑑𝑒−𝐴490,𝑏𝑙𝑎𝑛𝑘 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐴490,𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐴490,𝑏𝑙𝑎𝑛𝑘 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
∗ 100  (Eq. 1) 

 

 

Statistical differences were analyzed using an unpaired t-test with a two-tailed 

distribution. The differences were considered statistically significant at p < 0.05. 

 

3.3 HIERARCHICAL POROUS SCAFFOLD 

The synthesis of a hierarchical porous scaffold was divided in two steps. First, PLCL 

and PLGA-g-MPEG were synthesized and characterized. Second, the PLCL scaffold 

was prepared by a solvent casting salt particulate-leached technique, and the PLGA-

g-PEG hydrogel was formed around it by heating at 37 ºC. 

 

3.3.1 Step 1. Synthesis of polymers 

Epoxy-terminated poly(ethylene glycol) (eMPEG): 0.1 mol of MPEG (550 g/mol) 

was put in a round flask and dissolved in 100 ml of THF. DIPEA (0.27 mol) was 

added to the reaction followed by addition of epichlorohydrine (0.1 mol, dropwise). 

The reaction was constantly stirred and allowed to react for 15 h at 20 ºC. The reaction 

was then stopped by addition of citric acid (10 wt%) and the solvent was evaporated 

by rotary evaporation. The product was purified by liquid-liquid extraction. The 

product was dissolved in dichloromethane, and the residue of DIPEA was extracted 

with citric acid (10 wt%). Sodium bicarbonate was added to the product solution to 

remove traces of the acid and then filtered out. Magnesium sulfate was then added to 

dry the product and removed in the same way as the sodium carbonate. The 

dichloromethane was evaporated by rotary evaporation. The molecular structure of 
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the product was analyzed with 1H-, 13C-, DEPT-, and HSQC-NMR. The molecular 

weight was analyzed with MALDI-TOF-MS and SEC. 

 
1H NMR (400 MHz, chloroform-d) δ 3.74 (t, J = 4.5 Hz, 2H), 3.67 (t, J = 5.8 Hz, 

2H), 3.63 (m, J = 4.7 Hz, 2H), 3.59 (d, J = 5.4 Hz, 2H), 3.58 – 3.54 (m, 2H), 3.39 (s, 

3H), 3.29 – 3.23 (m, 1H), 2.95 – 2.89 (t, J = 2.4 Hz, 1H), 2.71 (m, 1H). 

 
13C NMR (101 MHz, chloroform-d) δ 72.55 (-OCH2CH2-), 71.88 (-OCH2CH2-), 

70.26 (-OCH2CH2-), 61.64 (-OCH2CH2-), 58.99 (-OCH3), 51.24 (-CH-(O)-CH2-), 

46.90 (–(O)CH2-CH-), 45.01 (-CH2(OCH2CH2)-) 
 

Poly(L-lactide-co-glycolide)-graft-poly(ethylene glycol) methyl ether, (PLGA-g-

MPEG): LLA, GA and eMPEG were placed into a silanized glass round flask 

together with Sn(Oct)2 (as catalyst) in a glove box. The monomer feed ratio of LLA 

and GA was 2.53:1, and the ratio between monomer and catalyst was set to 1:10000 

(with respect to GA). Three different ratios were set for eMPEG; 0.25, 0.49 and 0.95. 

The flask was sealed with a glass lid, transferred out of the glove box and heated (120 

ºC) under stirring for 48 h. The product was dissolved in chloroform and then 

precipitated in hexane. It was then characterized using 1H-NMR, 13C-NMR and 

HSQC-NMR and DEPT-NMR. 

 

 

Scheme 3. Synthesis of poly(L-lactide-co-glycolide)-graft-poly(ethylene glycol) 

methyl ether. 

1H NMR (400 MHz, chloroform-d) δ 5.27 – 5.15 (m, 1H), 4.92 – 4.61 (m, 2H), 4.39-

4.26 (m, 2H), 3.66 (s, 4H), 3.59 (dd, J = 9.5, 5.2 Hz, 4H), 3.40 (s, 3H), 1.60 (d, J = 

7.0 Hz, 3H). 

 
13C NMR (101 MHz, chloroform-d) δ 169.59 (-C(O)CHCH3), 166.43 (-C(O)CH2), 

72.44, 71.91, 70.55 (-OCH2CH2), 68.99 (-CHCH3), 66.68, 64.61, 64.45 (-

CH2CH(CH2)O), 60.96 (-CH2O), 59.03 (-OCH3), 16.63 (-CH3) 

 

Characterization of PLGA-g-MPEG gel: The sol-gel property of PLGA-g-

MPEG was analyzed using the test tube inversion method. Briefly, 30 wt % of the 
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polymer was dissolved in D-MEM and then added to a 2-ml glass vial. The vial was 

immersed in a thermostatic oil bath at 37 ºC for 1 min, removed and inverted, and the 

viscosity of the polymer solution was studied visually. When there was no 

macroscopic flow in the polymer solution it was considered a hydrogel. Addition of 

10 wt% HA to the polymer solutions was also performed to see if it affected the sol-

gel temperature. 

 
PLGA-g-MPEG was further characterized by determining the pH of the gel over time 

and evaluating the functional lifetime (i.e., to determine how long PLGA-g-PEG 

would maintain its thermosensitive gelling properties at 37 ºC). Briefly, 30 wt% 

PLGA-g-MPEG solutions in D-MEM with and without HA were prepared, and the 

pH was measured using a VWR SB70P symphony meter equipped with a Biotrode 

(Hamilton, USA). The samples were measured every hour up to 10 h and then again 

at 20 h, 22 h and 24 h. The functional lifetime was measured using the test-tube 

inversion method (described in the previous section). The solutions were kept in an 

incubator and taken out for inversion test once per day. As long as no macroscopic 

flow was observed, the hydrogels were considered functional. Pluronic F-127 with a 

molecular weight of 12 700 g/mol was used as the reference. 

 

Poly(L-lactide-co-caprolactone), (PLCL): PLCL was synthesized according to 

previous research by Idris et al.109 LLA and ε-CL were placed in a silanized round 

flask, and the flask was sealed with a rubber septum in a glove box. ROP was initiated 

by addition of Sn(Oct)2 (1:10000, with respect to the monomers) and heated to 110 

ºC in a thermostatic oil bath for 10 h. The product was precipitated in cold hexane. 

The copolymer was characterized by SEC and 1H-NMR. 

 

3.3.2 Step 2. Preparation of hierarchical scaffold 

A porous scaffold of PLCL was prepared using a solvent casting salt particulate-

leached technique described earlier109,110 Salt with a pore size of 75-500 µm was 

blended with PLCL dissolved in chloroform. The salt to polymer solution ratio was 

set to 10:1. The solution was cast in a petri dish, dried in a fume hood and then 

removed by addition of MeOH. The salt and polymer film was dried, and then, round 

scaffolds (Ø:10 mm, thickness: 5 mm) were punched out. The salt and polymer 

scaffolds were put in a beaker with deionized water, and the salt was leached out over 

3 days. The water was changed after 30 min, 1 h, 3 h, 24 h and 48 h. The polymer 

scaffolds were then dried in a fume hood and placed in a vacuum oven for 24 h. 

Hydrogels were prepared from a mixture of PLGA-g-MPEG (30 wt%) and HA (10 

wt%) in D-MEM. A PLCL scaffold was placed in a 2-ml glass vial. The polymer 
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solution was added to the vial, and the mixture was ultra-sonicated for 2 min. The 

vial was then heated at 37 ºC for 1 min to allow the PLGA-g-MPEG solution to form 

a hydrogel around the PLCL scaffold. The hierarchical scaffold was then frozen in 

liquid nitrogen and carefully removed by breaking the glass vial. To verify that the 

gel was evenly dispersed throughout the PLCL scaffold, a cross section of the 

hierarchical scaffold was made with a scalpel.  

3.4 PEPTIDE FUNCTIONALIZATION OF SCAFFOLDS 

Peptide functionalized PLA was prepared by template-assisted chemo-enzymatic 

synthesis using papain as biocatalyst (at 40 ºC, pH 7.6). The enzymatic synthesis was 

optimized by kinetic tests of A-Et and K-Et and MD simulations. Two different 

strategies were used to obtain PLA functionalized with peptides; the grafting from 

strategy (in which peptides were synthesized directly from the grafter) and the 

grafting to strategy (in which the peptides were synthesized from the grafter prior to 

attachment to the PLA chain). The functionalized PLA was analyzed with NMR, 

MALDI-TOF-MS, SEC, EDS-SEM and contact angle measurement. 

3.4.1 Kinetic test of oligoalanine and oligolysine  

To determine the optimal reaction time for synthesis of oligopeptides (using papain 

as biocatalyst), kinetic tests of A-Et and K-Et were prepared. Amino acid ethyl ester 

was dissolved (0.5 M for K-Et and 0.7 M for A-Et) in 2 ml of PBS (1 M, pH 7.6). 

The reactions were preheated to 40 ºC and then initiated by addition of 21 mg of 

papain (7 mg/ml) dissolved in 1 ml of PBS. The monomer conversion was analyzed 

after 5, 10, 15, 20, 30, 40, 50, 60, 90 and 120 min, every hour up to 8 h, and at 18 h 

and 24 h by 1H-NMR. 

3.4.2 Chemo-enzymatic synthesis of oligopeptides 

Homo-oligopeptides: Chemo-enzymatic synthesis of oligopeptides was carried out 

in 1 M PBS (pH 7.6) at 40 ºC using papain as a biocatalyst. A typical synthesis 

procedure was as follows; The amino acid ethyl ester (0.5 M) was dissolved in 2 ml 

of PBS and preheated to 40 ºC under stirring. Then, 21 mg of papain (7 mg/ml) was 

dissolved in 1 ml of PBS and added to the amino acid ethyl ester solution. The 

reaction was kept under stirring and heated for 30 min. The pH of the reaction mixture 

was measured with a pH indicator before and after the reaction. The reaction was 

then quenched by addition of 1 ml of 2 M HCl. The enzyme was removed by 

centrifugation using centrifugation filters (Amicon ultra-4, MWCO: 10000 g/mol, 

Merck Millipore, Germany). The oligopeptides were then purified using two different 
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separation techniques depending on the solubility of the product. A-Et has a 

hydrophobic side group, which results in a hydrophobic product that precipitates from 

the solution. It was therefore separated from the solution by further centrifugation, 

washed in deionized water and then dried by lyophilization. K-, S- and R-Et have 

hydrophilic side groups, and the corresponding oligopeptides remain soluble in the 

buffer solution. They were instead separated by dialysis using membranes with a 

molecular weight cut off: 500-100 g/mol. Water was then removed by lyophilization. 

 

 

Scheme 4. Chemo-enzymatic synthesis of homo-oligopeptides using papain as a 

catalyst at 40 ºC in 1 M PBS (pH 7.6). 

Random and Block co-oligopeptides: The synthesis of the random co-oligopeptides 

was similar to the synthesis of the homo-oligopeptides. The reaction temperature was 

40 ºC, and papain was used as the biocatalyst in 1 M PBS (pH 7.6). Based on the 

results from the kinetic test, the total reaction time was set to 30 min. For synthesis 

of the block co-oligopeptides, the amino acid ethyl esters were added sequentially. 

K-Et (0.5 M) was first dissolved in PBS and preheated under stirring. Papain was 

then added (7 mg/ml), and the reaction was maintained for 15 min. Second, A-Et (0.7 

M) was added to the solution, and the reaction was continued for another 15 min. The 

molar ratio between A-Et and K-Et was 1.4:1. The pH of the reaction was taken 

before and after the reaction time had been reached. The product was stopped by 

removing the enzyme via filter centrifugation (Amicon ultra-4, MWCO: 10000 

g/mol, Merck Millipore, Germany). The product was hydrophilic and thus was 

purified by dialysis (MWCO: 500-100 g/mol), and then, water was removed by 

lyophilization. The reactions are presented in scheme 5 below. The homo, random 

and block oligopeptides were characterized by 1H-NMR and MALDI-TOF-MS.  
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Scheme 5. Chemo-enzymatic synthesis of random and block co-oligopeptides of 

lysine and alanine. Papain was used as the catalyst, and the reaction was performed 

in 1 M PBS (pH 7.6) at 40 ºC. 

3.4.3 Synthesis of ethyl hept-6-enoylalaninate (grafter) 

To enable chemo-enzymatic synthesis from an aliphatic polyester chain it must be 

functionalized so that it can be recognized by the enzyme (papain). Ethyl hept-6-

enoylalaninate (grafter) was therefore designed to facilitate peptide synthesis and (at 

the same time) be attached to a PLA chain bearing pendant thiol groups.  

 

 

Scheme 6. Synthesis of ethyl hept-6-enoylalaninate (grafter). 

The synthesis is described in scheme 6. Briefly, 2.8 mg of 6-heptenoic acid was 

dissolved in 12 ml of thionyl chloride. The reaction was heated to 79 ºC for 90 min 

under reflux conditions. The synthesized 6-heptenoyl chloride was then separated 

from unreacted thionyl chloride, HCl and sulfur dioxide by distillation. In the next 

reaction step, 6-heptenoyl chloride was added dropwise to a reaction mixture of A-

Et (3.4 g) and 20 ml of dry CH2Cl2 and cooled to 0 ºC (N2, atm). Then, 5 ml of NEt3 

was added to initiate the reaction, which then was maintained for 24 h at room 

temperature. The product (ethyl hept-6-enoylalaninate) was purified by liquid-liquid 

extraction in which unreacted NEt3 and A-Et was extracted using a saturated solution 

of NaHCO3 (twice), 0.1 M HCl (twice), brine (three times) and deionized water, 

sequentially. Traces of water were removed from the product by addition of 
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magnesium sulfate. The drying agent was filtered off, and the organic solvent was 

removed from the product by rotary evaporation. The ethyl hept-6-enoylalaninate 

was characterized by 1H-, 13C-, COSY- and HSQC-NMR. 

 
1H NMR (400 MHz, chloroform-d): δ 5.88 – 5.74 (m, 1H), 5.07 – 4.94 (m, 2H), 4.60 

(m, J = 4.6 Hz, 1H), 4.22 (q, J = 4.2 Hz, 2H), 2.24 (t, J = 2.2 Hz, 2H), 2.09 (q, J = 

2.1 Hz, 2H), 1.68 (p, J = 1.7 Hz, 2H) 1.46 (p, J = 1.5 Hz, 2H), 1.42 (d, J = 1.4 Hz, 

3H), and 1.30 (t, J = 1.3 Hz, 3H).  

 
13C NMR (101 MHz, chloroform-d): δ 173.27 (-C(O)OCH2CH3), 172.45 (-C(O)NH-

), 138.44 (-CHCH2-), 114.69 (CH=CH-), 61.50 (-CH2CH3), 47.98 (-CHCH3-), 36.38 

(-CH2C(O)-), 33.43 (-CH2CH2CH2CH2-), 28.42 (-CH2CH2CH2-), 25.02 (-

CH2CH2C(O)-, 18.66 (-CH3CH-), and 14.13 (-CH3). 

3.4.4 Synthesis and deprotection of poly(3-Methyl-6-(tritylthiomethyl)-

1,4-dioxane-2,5-dione-co-lactide), (poly(TrtS-LA-co-LA) 

Poly(Trts-LA-co-LA) with an Mn of 11 800 g/mol, DP of 1.31 and an LA:TrtS-LA 

molar feed ratio of 85:15 was synthesized and provided by Tiziana Fuoco. The 

synthesis is described in her previous research.14  

 

The protecting trityl group was removed from the poly(Trts-LA-co-LA) by addition 

of SiHEt3 (0,815 mmol) and TFA (1.9 mmol, added dropwise). The reaction was 

maintained for 20 h at 20 ºC. The solvents were evaporated off, and the product was 

washed twice in heptane. The product was analyzed by 1H-NMR and SEC. 
 

3.4.5 Grafting oligopeptides on poly(L-lactide-co-thiol-lactide) 

Oligopeptides were grafted onto a PLA chain using two different synthesis 

techniques, the grafting from strategy and the grafting to strategy. In both techniques, 

oligopeptides were synthesized from the grafter by chemo-enzymatic synthesis using 

papain as a biocatalyst. However, the enzymatic synthesis was either carried out from 

the grafter attached to the PLA chain (the grafting from strategy) or from the grafter 

prior to attachment to the polymer chain (the grafting to strategy). The two different 

synthesis methods were compared to evaluate the best method for peptide 

functionalization of PLA.  
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3.4.6 The grafting from strategy 

Briefly, 2 g of poly(L-lactide-co-thiol-lactide), [Poly(LLA-co-SH-LA)], was 

dissolved in 12 ml of dry THF in a nitrogen atmosphere. A solution of 250 mg of 

ethyl hept-6-enoylalaninate in 3 ml of dry THF was added. Then, 6 mg of AIBN was 

added, and the reaction was heated under stirring to 80 ºC (kept under reflux) to 

initiate the reaction. After 24 h, the reaction was cooled, and the product (poly(L-

lactide-co-grafter-lactide), [poly(LLA-co-grafter-LA)]) was purified by precipitation 

in cold heptane. It was then filtered and left to dry in a fume hood. The molecular 

structure was confirmed by 1H-NMR and COSY-NMR analysis. 

 

To synthesize oligopeptides from the poly(L-lactide-co-grafter -lactide) by chemo-

enzymatic synthesis, films of the copolymer were prepared in 3-ml glass vials. Then, 

20 mg of the grafted copolymer was dissolved in 1 ml of chloroform and added to the 

glass vial, and the solvent was allowed to evaporate, forming a copolymer film on the 

bottom of the vial. Four different amino acid ethyl ester (A-Et, K-Et, S-Et and R-Et) 

solutions (0.5 M) were prepared in 2 ml of 1 M PBS (pH 7.6). The solutions were 

preheated to 40 ºC and then added to the vial with the copolymer film. Papain was 

dissolved in 1 ml of PBS (7 mg/ml) and then added to the vial to initiate the synthesis. 

The reaction was heated at 40 ºC for 18 h. The reaction was stopped by removal of 

the papain by filter centrifugation (Amicon ultra-4, MWCO: 10000 g/mol, Merck 

Millipore, Germany). The films were washed with 0.5 ml of PBS, then with 1 ml of 

deionized water (twice) and then left to dry in a fume hood for 2 days. The films were 

analyzed by 1H-NMR, COSY-NMR and SEC. 

3.4.7 The grafting to strategy 

Chemo-enzymatic synthesis of oligopeptides from the grafter was prepared similar 

to the enzymatic synthesis of “the grafting from strategy”. Amino acid ethyl ester 

solutions (0.5 M) in 1 M PBS (pH 7.6) were prepared and added to 3-ml glass vials 

containing 0.5 mmol of the grafter (molar ratio, amino acid:grafter, 2:1). The reaction 

mixture was heated to 40 ºC under stirring, and then, 21 mg of papain (7 mg/ml, 

dissolved in 1 ml PBS) was added to start the reaction. The reaction was kept at 40 

ºC for 18 h and then stopped by addition of 1 ml of 2 M HCl (which deactivated the 

enzyme). The reaction was then centrifuged (3000 * g) for 20 min to remove 

unreacted grafter (and precipitated oligoalanine in the reaction where A-Et was used). 

The supernatant was then frozen at -80 ºC, and the water was removed by 

lyophilization. The products (grafter-oligopeptides) were characterized by 1H-NMR.  

 

50 mg of the grafter-oligopeptides (22 mmol) were then dissolved together with 85 

mg of poly(LLA-co-SH-LA) in dry THF under a nitrogen atmosphere (molar ratio, 
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grafter-oligopeptide: content of thiol groups of the copolymer, 1.6:1). Then, 0.5 mg 

of AIBN was added, and the reaction was heated under stirring to 80 ºC for 24 h. The 

product was precipitated in cold heptane, filtered, washed in deionized water and 

dried in a fume hood. It was analyzed by 1H-NMR in CDCl3 and D2O, contact angle 

measurement and EDS-SEM. 

3.4.8 Chemo-enzymatic synthesis of oligopeptides from ethyl 6-

heptenoate 

Initiation of enzymatic synthesis of oligopeptides from ethyl 6-heptenoate was 

prepared according to the same procedure as the enzymatic synthesis of oligopeptides 

form ethyl hept-6-enoylalaninate. Briefly, A-Et (0.5 M) was dissolved in 2 ml of 1 M 

PBS (pH 7.6) together with 117 mg of ethyl 6-heptenoate. The reaction was heated 

to 40 ºC, and papain (dissolved in 1 ml of PBS) was added to the reaction. It was kept 

under stirring at 40 ºC for 18 h. The reaction was stopped by lowering the pH of the 

solution (adding 1 ml of 2 M HCl), thereby deactivating the enzyme. Precipitates of 

oligoalanine were removed by centrifugation (3000*g, 15 min), and the supernatant 

was frozen and then lyophilized. The freeze-dried supernatant was analyzed by 1H-

NMR. 

3.5 MICROSTRUCTURAL DESIGN OF SCAFFOLDS 

The microstructure and stereochemistry of poly(L-lactide-co-hydroxybutyrate) 

(PLBL) was tailored in order to adjust the thermal properties of the copolymer. ROP 

of LLA and rac-β-BL was performed using two different single site metal catalysts: 

the salan yttrium catalyst and the salan aluminum catalyst. The microstructure was 

analyzed by NMR and MALDI-TOF-MS. The thermal properties were determined 

by DSC. 

 

3.5.1 Synthesis of the salan ligand 

A Mannich condensation from N,N’-dimethylethylenediamine (99 %), formaldehyde 

(37 % in water) and 2,4-ditertbutyl phenol (99 %) was used to prepare the salan ligand 

(N,N-dimethyl-N,N’-bis[(3,5-di-t-butyl-2-hydroxyphenyl)methylene]-1,2-

diamineoehtane). The synthesis was performed according to earlier research by E.Y. 

Tshuva et al.103  
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3.5.2 Synthesis of the yttrium-salan catalyst 

The yttrium-salan catalyst was prepared according to earlier research by J. Fang et 

al.74 Briefly, a 1:1 molar ratio solution of the salan ligand and yttrium III isopropoxide 

was prepared and added to a Schlenk flask together with 10 ml of dry toluene in a 

glove box. The reaction was sealed and put under stirring at 80 ºC for 6 days. The 

reaction was then cooled to room temperature, and the solvent was evaporated off, 

leaving a bright brown solid product. The product was dried in vacuo. 

3.5.3 Synthesis of the aluminum-salan catalyst 

Briefly, 1 mmol (524,8 mg) of the salan ligand was charged together with 1 mmol 

(204,3 mg) of aluminum (III) isopropoxide and dry toluene in a Schlenk round flask 

in a glove box. The reaction was kept under stirring for 6 days at 80 ºC. The reaction 

mixture was then cooled to room temperature, and the toluene was evaporated off, 

leaving a white solid product. The product was dried in vacuo and then characterized 

by 1H-NMR, 13C-NMR and elemental analysis. The reaction is described in scheme 

7 below. 

 

 

Scheme 7. Synthesis of the aluminum salan catalyst. 

1H NMR (400 MHz, chloroform-d) δ 7.24 (d, J = 2.4 Hz, 2H), 6.84 (d, J = 2.6 
Hz, 2H), 6.74 (d, J = 2.6 Hz, 2H), 6.72 (d, J = 2.6 Hz, 2H) Ar-H; 4.85 (d, J = 
2.6 Hz, 2H, ArCH2N); 4.44 (m, J = 5.8 Hz, 2H, OCH(CH3)2); 4.26 (d, J = 12.9 
Hz, 2H, ArCH2N); 3.98 (m, J = 5.8 Hz, 1H, OCH(CH3)2); 3.95 (d, J = 12.4 Hz, 
1H), 3.54 (d, J = 12.3 Hz, 1H), 3.48 (d, J = 13.0 Hz, 1H), 3.41 (d, J = 13.4 Hz, 
2H) ArCH2N; 3.04-2.73 (complex m, broad, 4 H) CH2CH2; 2.54 (s, 6H), 2.53 
(s, 3H), 2.38 (s, 3H), NCH3; 1.53 (s, 9H), 1.51 (s, 9 H), 1.40 (s, 9 H), 1.31 (s, 9 
H)1.30 (s, 18H), 1.28 (s, 18H), C(CH3)3; 1.05 (d, J = 5.9 Hz, 12H), 0.95 (d, J 
= 5.9 Hz, 3H), 0.83 (d, J = 5.9 Hz, 3H), OCH(CH3)2.  
 
13C NMR (75 MHz, chloroform-d) δ 157.04, 156.47, 156.11 (ArC-O); 138.31, 
138.22, 138.02, 137.76, 137.33, 136.49 (ArC-CMe3);123.80, 123.65,123.58, 
123.37, 123.13, 122.78 (ArCH); 121.26, 119.80, 118, 48 (ArCipso); 64.79, 
64.29, 62.77 (br) (CH2); 62.24, 62.07 (OCH(CH3)2); 60.84, 56. 47, 54.17 (br), 
52.22 (CH2); 46.10, 45.14, 44.25 (NCH3); 35.33, 35.06, 34.86, 34.03, 33.95, 
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33.93 (C(CH3)3); 31.83, 31.78, 29.96, 29.92, 29.87, 29.72 (C(CH3)3); 28.15, 
27.91, 27.30 (OCH(CH3)2). 
 
Elemental analysis, calculated for C37H61AlN2O3: C, 72,99; H, 10,1; N, 4,60. 
Found C 73,45; H, 10,67; N, 4,43. 

 

3.5.4 Synthesis of poly(L-lactide-co-hydroxybutyrate), (PLBL) 

PLBL was synthesized by ROP using either the aluminum salan complex or yttrium 

salan complex as the catalyst. The conditions were varied in terms of temperature, 

reaction time, and catalyst concentration. Each reaction was prepared as follows: 

LLA, rac-β-BL, dry toluene and catalyst were added to a glass vial together with a 

magnetic stirrer, and the vial was sealed with a screw-on lid. After the reaction time 

had been reached, the reaction was stopped by addition of dichloromethane. The 

polymers were precipitated in cold heptane. The solvent was then filtered off, and the 

product was dried in a vacuum oven. The copolymer synthesis reaction is described 

in scheme 8. The conversion of the monomers, composition, heterosequences, 

molecular weight, dispersity and Tg of the copolymers were determined by 1H-, and 
13C-NMR, SEC and DSC. 

 

 

Scheme 8. Ring opening polymerization of poly(L-lactide-co-hydroxybutyrate) in 

toluene. 

3.5.5 Kinetic analysis of poly(L-lactide-co-hydroxybutyrate) and 

poly(D-lactide-co-hydroxybutyrate)  

The kinetic analysis of the copolymerization of LLA, DLA and rac-β-BL was 

performed in a glove box. LLA or DLA, rac-β-BL, 3 M yttrium salan catalyst and 

dry toluene were added to a glass vial, which was sealed with a screw-on lid (ratio: 

LA:β-BL:Y, 90:90:1). The reaction was stirred at 25 ºC. A small drop of the reaction 

was taken at the desired time intervals, mixed with deuterated chloroform and then 

analyzed by 1H-NMR. 
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4 RESULTS AND DISCUSSION 

To design a material sought for scaffolds and regeneration of lost tissue, it is 

important to look at the polymer microstructure. Thus, it will determine the final 

properties of the material. Moreover, the material used for tissue engineering needs 

to have properties that support tissue regeneration (such as degradability, 

biocompatibility and processability). In this thesis, different approaches to design and 

improve the scaffold material are discussed. Three different strategies are presented: 

two of them focus on improvement of biocompatibility, either by designing a two-

component system, which could allow for sequential release of growth factors 

(hierarchical porous scaffold, paper 1) or by peptide functionalization, where 

oligopeptides were synthesized from a polyester chain through enzymatic synthesis 

(peptide functionalized scaffolds, papers 2 and 3). The last strategy focuses on how 

to improve the processability of polyesters of lactide and β-butyrolactone. The change 

in the microstructure resulted in improved thermal properties, which could allow the 

material to be used in, for example, 3D printing applications (microstructural design 

of scaffolds, paper 4). 
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4.1 HIERARCHICAL POROUS SCAFFOLD 

A hierarchical porous scaffold was successfully prepared using a two-step procedure. 

In step one, PLCL and PLGA-g-MPEG were synthesized and characterized by NMR 

and SEC. In step two, the hierarchical scaffold was prepared using the salt particulate-

leached technique to form the PLCL scaffold, and injection followed by heating of 

the PLGA-g-MPEG solution allowed the hydrogel to form around it. 

4.1.1 Step 1. Synthesis of polymers 

Epoxy-terminated poly(ethylene glycol) methyl ether, (eMPEG): eMPEG was 

prepared through attachment of an epoxy group on MPEG using DIPEA as a base. 

The product was confirmed by 1H-, 13C-, DEPT-, and HSQC-NMR and by SEC and 

MALDI-TOF-MS. The NMR results show that the synthesis was successful (figure 

3). However, the results from the MALDI-TOF-MS analysis also show traces of 

unreacted MPEG left in the sample. The product yield was low, approximately 15 %. 

This was because the product is partly soluble in water, and therefore, some was lost 

in the purification process when DIPEA was extracted using the citric acid solution. 

The theoretical molecular weight of the product was calculated to be 638 g/mol. SEC 

and MALDI-TOF-MS analysis estimated the product molecular weight to be 1184 

g/mol and 738 g/mol, respectively. The increased molecular weight shows that the 

attachment of the epichlorohydrine was successful. The SEC result showed a higher 

molecular weight because polystyrene standards were used (i.e., the hydrodynamic 

volume of eMPEG in chloroform was different compared to polystyrene in 

chloroform). 

 

Figure 3. 1H-NMR spectrum of epoxy-terminated poly(ethylene 

glycol) methyl ether (eMPEG) in CDCl3 at 25 ºC. 
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Poly(L-lactide-co-glycolide)-graft-poly(ethylene glycol) methyl ether, (PLGA-g-

MPEG): LLA, GA and eMPEG were copolymerized by ROP using Sn(Oct)2 as the 

catalyst. The synthesis was successful and confirmed by NMR analysis. The 

monomer feed, polymer composition, Mn, dispersity and conversion of LLA and GA 

are presented in table 1. 

 

 

Table 1. The monomer feed, composition, number average molecular weight (Mn), 

dispersity and monomer conversion of the synthesized copolymers. 

Sample 
Feed [mol]a Composition [mol]a Mn

b 

[g/mol] 

Conv. [%] 

LLA GA eMPEG LLA GA eMPEG LLA GA 

1 2.53 1 0.49 2.34 1 0.17 987 96 97 

2 2.51 1 0.96 2.32 1 0.35 943 95 97 

3 2.53 1 0.25 2.32 1 0.09 846 94 97 
 
a Results calculated from 1H-NMR spectra; b results determined by MALDI-TOF-MS 

analysis and calculated using Polytools software. 

 

 
The results from the NMR and MALDI-TOF-MS analysis show that low molecular 

weight copolymers (i.e., oligomers) of ca. 1000 g/mol were obtained. The monomer 

feed corresponded well to the composition of the co-oligomers, but the eMPEG 

content was very low in all the samples. The conversion of LLA and GA were almost 

complete, while the conversion of eMPEG was not possible to measure because the 

peaks overlapped. However, there are small peaks originating from the epoxy group 

of eMPEG in the spectrum, which shows that the conversion was not complete.  

 

In the 1H-NMR spectrum of the co-oligomers (figure 4), peaks representing all of the 

incorporated monomers were present, and peaks representing the heterosequences 

(between LA/GA and LA/eMPEG and GA/eMPEG) are also present. The 

heterosequences were identified by reference spectra of PLGA and three-armed 

poly(L-lactide) (3PLA), see figure 5. 
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Figure 4. 1H-NMR of poly(L-lactide-co-glycolide)-graft-poly(ethylene glycol) 

methyl ether (PLGA-g-MPEG) in CDCl3 at 25 ºC. 

 

Figure 5. 1H-NMR spectra of poly(L-lactide-co-glycolide)-graft-poly(ethylene 

glycol) methyl ether (1), three-armed poly(L-lactide) (2) and poly(L-lactide-co-

glycolide) (3) in CDCl3 at 25 ºC. 
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The hetero- and homosequences of the co-oligomers were further characterized by 
13C-NMR, DEPT and HSQC-NMR. In table 2, the amounts of the different couplings 

are presented. The coupling of LLA-LLA was used as the reference. The assignment 

of the corresponding peaks can be seen in figure 6. The analysis of the 13C-NMR 

spectra shows that the homosequences of LLA and heterosequences of LLA/GA were 

the most common in the co-oligomers. The heterosequences of LLA/eMPEG were 

higher than those of GA/eMPEG but still low with respect to the LLA-LLA and LLA-

GA sequences. It can also be noted that the ratio between the LLA-LLA, LLA-GA 

and LLA-eMPEG/GA-eMPEG couplings corresponded well to the monomer feed. 

When the feed of eMPEG was increased in sample 2, the LLA-eMPEG and GA-

eMPEG couplings increased. In sample 3, when the eMPEG concentration decreased, 

there was also a decrease in the heterosequences of LLA-eMPEG and GA-eMPEG. 

 

Table 2. Hetero- and homosequences of L-lactide, glycolide and epoxy-terminated 

poly(ethylene glycol) methyl ether determined from 13C-NMR in CDCl3 at 25 ºC 

Sample 
LLA-

LLA 

LLA-

GA 

LLA-

eMPEG 

GA-

eMPEG 

eMPEG-

eMPEG 

1 1 0.4 0.2 0.12 n/a 

2 1 0.5 0.8 0.45 n/a 

3 1 0.4 0.1 0.04 n/a 

 

There were no peaks detected for the homosequences of eMPEG. The low molecular 

weight of the product might suggest that there is only one eMPEG for each polymer 

chain that is positioned at the end of the chain. The NMR and MALDI results also 

showed that there might be traces of unreacted MPEG left in the sample. Therefore, 

LA and GA could also react with MPEG instead of an eMPEG, which will terminate 

the polymerization. To investigate the potential presence of coupling between LLA 

and MPEG and GA and MPEG, standards of poly(L-lactide)-co-poly(ethylene 

glycol) methyl ether (PLLA-co-MPEG) and polyglycolide-co-poly(ethylene glycol) 

methyl ether (PGA-co-MPEG) were synthesized under the same conditions as the 

eMPEG. The 13C-NMR spectra are compared to the product in figure 6. 13C-NMR 

peaks that correlate with the 1H-NMR peaks of the heterosequences of LLA-MPEG 

and GA-MPEG were identified in the product spectra (δ: 4.44 - 4.42 ppm). They 

confirm that PLLA-MPEG and PGA-MPEG is in the product. On the other hand, it 

should also be noted that when eMPEG is at the end of the chain it becomes very 

similar to the molecular structure of MPEG, and therefore, it was difficult to 

determine if the peaks originate from eMPEG or MPEG. Most likely, there is a 

mixture of both. 
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Figure 6. 13C-NMR of poly(L-lactide-co-glycolide)-graft-poly(ethylene glycol) 

methyl ether (PLGA-g-MPEG) (1), compared with poly(L-lactide)-co-poly(ethylene 

glycol) methyl ether (PLLA-MPEG) (2), and polyglycolide-co-poly(ethylene glycol) 

methyl ether, (PGA-MPEG) (3). 

 

The sol-gel transition temperature of PLGA-g-MPEG was evaluated using the test 

tube inversion method. In previous research, it has been shown that the composition 

of the hydrophobic segments (i.e., PLGA) vs the hydrophilic segments (i.e., 

MPEG/eMPEG) is important for control of the sol-gel transition temperature.111 For 

sample 1, the amount of eMPEG was 0.17 with respect to GA, which was shown to 

be a successful ratio to obtain a hydrogel at 37 ºC. The test-tube inversion test showed 

that a stable gel was formed in less than 1 min. On the other hand, when the eMPEG 

content was higher (0.35 in respect to GA), the sol-gel transition temperature was 

increased. Hence, no hydrogel was formed at the desired temperature. When the 

hydrophilic segment was decreased (eMPEG: GA, 0.09: 1), the product became too 

hydrophobic and insoluble in D-MEM. The addition of 10 wt% HA did not affect the 

sol-gel transition temperature of the samples.  
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It is important to have scaffolds with a stable neutral pH, because cells cannot 

function in an acidic or basic environment. Since the copolymer had a low molecular 

weight and the degradation of PLA gives an acidic byproduct (lactic acid), it was of 

interest to determine whether the pH of the hydrogel changed over time and if the 

addition of HA affects the pH. When the copolymer was dissolved in D-MEM, the 

color slowly changed to yellow, indicating that the pH decreased. A pH measurement 

confirmed the color change and revealed a pH decrease from 7 to below 5 after 24 h. 

A comparison of the medium was performed using PBS instead of D-MEM, and in 

this case, the pH decreased to below 4 after 30 min. These results show that pH 

decreases over time and that D-MEM keep the pH of the hydrogel stable for a longer 

period. The addition of HA improved the performance of PBS as a buffer, 

maintaining the pH above 5 for 24 h. In addition, the performance of D-MEM 

improved, maintaining the pH above 6 for 22 h. The change in pH upon the addition 

of HA has been observed in other studies.112 HA helps neutralize the acidic 

environment caused by the low molecular weight PLGA-g-MPEG. The results of the 

pH change over time can be seen in figure 7. 

 

 

 

Figure 7. pH change of PLGA-g-MPEG in PBS (black inverted triangle), PLGA-g-

MPEG in PBS + 10 wt% HA (white inverted triangle), PLGA-g-MPEG in D-MEM 

(black circle) and PLGA-g-MPEG in D-MEM + 10 wt% HA (white circle) at 25 ºC 

for 24 h. 

The functional lifetime of the PLGA-g-MPEG hydrogel (with and without HA) was 

also analyzed (i.e., how long the PLGA-g-MPEG remained a hydrogel at 37 ºC). A 
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thermosensitive hydrogel of poly(ethylene oxide-b-propylene oxide-b-ethylene 

oxide), (Pluronic F-127) was used as the reference. The results from the lifetime test 

are shown in figure 8. Because the molecular weight of PLGA-g-MPEG was low 

(1000 g/mol), the functional lifetime of the hydrogels was shorter compared with 

other studies when PLGA-g-MPEG was used.55However, the functional lifetime was 

still ca. 1 month in both PBS and D-MEM, which is desired for sequential release in 

PLCL scaffolds.113 An increased functional lifetime was obtained when HA was 

added to the samples. When HA was added to the samples with D-MEM, the lifetime 

was four times higher (4 months). The increase was believed to be caused by the 

stabilizing effect of hydrogen bond formation between the OH-groups of HA and the 

carbonyl groups of LLA and GA in PLGA-g-MPEG. This phenomenon has also been 

observed in other studies, where increased hydrogen bond interactions were observed 

by Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron 

spectroscopy (XPS) between HA and PLLA.112,114 

 

 

Figure 8. Functional lifetime test of 30 wt% solutions of PLGA-g-MPEG, PLGA-g-

MPEG with 10 wt% HA and Pluronic (F127) in PBS (bar with pattern) or D-MEM 

(gray bar) at 37 ºC. 

Poly(L-lactide-co-ε-caprolactone) (PLCL): PLCL was synthesized by ROP using 

Sn(Oct)2 as the catalyst. The monomer conversion of LLA and ε-CL were both high 

(97 %). The number average molecular weight, dispersity and composition of LLA 

and CL are presented below in table 3. The molecular weight was 54.7*103 g/mol, 

which was acceptable for scaffold fabrication. The monomer feed of ε-CL was higher 

compared to the composition of CL. However, this was expected, and a CL 
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composition of 0.7 was desired to obtain suitable mechanical properties for the 

copolymer.115  

 

Table 3. Synthesis results of PLCL 

Sample 
Feed [mol]a 

Composition 

[mol]a 
Mn

b  

[*103 g/mol] 
Ðb 

LLA ε-CL LLA CL 

PLCL 1 0.8  1  0.7 54.7   1.44 
a Determined from 1H-NMR in CDCl3 at 25 ºC 
b Determined from SEC analysis 

 

4.1.2 Step 2. Synthesis of hierarchical porous scaffold 

A hierarchical porous scaffold consisting of PLCL and a PLGA-g-MPEG hydrogel 

(30 wt% dissolved in D-MEM with addition of 10 wt% HA) was successfully 

prepared. The PLGA-g-MPEG solution was added to a 2-ml glass vial with a PLCL 

scaffold placed inside. After heating for 1 min at 37 ºC, a gel was formed around and 

throughout the PLCL scaffold. The sol-gel transition was determined by the test tube 

inversion method, and the results can be seen in figure 9. To verify that the hydrogel 

was evenly dispersed throughout the PLCL scaffold, the hierarchical scaffold was 

frozen, removed from the glass vial and cross-sectioned.  

 

 

Figure 9. Test-tube inversion test of the hierarchical scaffold. 
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4.2 PEPTIDE FUNCTIONALIZATION OF SCAFFOLDS 

PLA was functionalized with oligopeptides through a template-assisted chemo-

enzymatic synthesis using papain as a biocatalyst. PLA is a synthetic polymer that 

lacks biological cues. To improve the acceptance of the material when inserted into 

the host and to control interactions with the surrounding tissue, it can be 

functionalized with peptides. Amino acids of interest for the functionalization are 

lysine and arginine, which have positively charged side groups that allow peptides to 

be transported through the cell membrane. Serine is also interesting because it has an 

uncharged hydrophilic side group. Alanine was chosen because it is easily recognized 

and catalyzed by the enzyme. The enzymatic synthesis was carefully mapped by 

synthesis of homo-oligopeptides (oligoalanine, -lysine, serine and -arginine), block 

and random co-oligopeptides of amino acid ethyl esters (A-Et and K-Et) and kinetic 

tests of oligoalanine and oligolysine. To further analyze the peptide synthesis and to 

design the template that was used to initiate peptide synthesis for the PLA chain, MD 

simulations of papain and the amino acid ethyl esters were prepared. 

 

4.2.1 Kinetic test of oligoalanine and oligolysine 

To determine the optimal reaction time for the enzymatic synthesis of the 

oligopeptides, kinetic tests were prepared for the synthesis of oligoalanine and 

oligolysine. Depending on the properties of the amino acid ethyl ester (which affect 

the enzyme catalysis), the rate of monomer conversion of the esters is different. It 

was important to choose a reaction time that was not too long, since water was present 

in the reactions (acting as a side reaction and hydrolyzing the synthesized peptide 

chain). The oligopeptides were analyzed by 1H-NMR over 24 h, and the conversion 

of K-Et (figure 10) and the hydrolysis of the synthesized oligoalanine (figure 11) 

were determined. 

 

The results of the kinetic study show that it takes longer time for papain to catalyze 

K-Et compared than A-Et. A-Et reached complete conversion after 15 min, while K-

Et had a conversion of 80 % after 24 h. Papain is a protease with broad substrate 

specificity, and according to the molecular dynamic simulations, the kinetics should 

not be different. However, papain is also known to prefer amino acids with 

hydrophobic side chains in the P2 position98. Alanine has a hydrophobic methyl group 

as side chain, while lysine has a hydrophilic side chain, and therefore, binding of the 

alanine ethyl ester might be more efficient. Based on the results, the reaction time of 

the block and random peptides should be short. Full conversion of A-Et was obtained 

after 15 min and after  30 min, that the conversion rate of K-Et rapidly decreases 

going from 40 % to 50 % in 7 h and then to 80 % after 24 h (figure 10). Therefore, to 
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avoid too much of the oligoalanine hydrolysis, the reaction time was set to 30 min. 

After this time point, the increase in conversion of K-Et was also very slow. 

 
 

 

Figure 10. Conversion (i.e. [1-(Imonomer/(Ipeptide+Imonomer))]) of K-Et (■) and pH (○) 

for 24 h using papain as a biocatalyst. 

 
 

 

Figure 11. Hydrolysis (i.e. [(Ipeptide/(Ipeptide+Imonomer)]) of oligoalanine (▲) and pH of 

the reaction mixture (○) over 24 h using papain as a biocatalyst. 
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4.2.2 Chemo-enzymatic synthesis of oligopeptides 

Homo-oligopeptides: Homo-oligopeptides of A-Et, K-Et, S-Et and R-Et were 

successfully synthesized using papain as the catalyst in 1 M PBS (pH 7.6) at 40 ºC. 

Based on the results of the kinetic test of A-Et and K-Et, the reaction time was set to 

30 min. The monomer conversion, molecular weight and number of repeating units 

of the peptides were determined by 1H-NMR in D2O. Oligoalanine did not dissolve 

in D2O because of the strong hydrogen bond interactions between the oligomer chains 

and was therefore analyzed in DMSO. The results are presented in table 4. 

 

Table 4. Monomer conversion, number average molecular 

weight (Mn) and number of repeating units (DP) of homo-

oligopeptides prepared from chemo-enzymatic synthesis in 

PBS at 40 ºC for 30 min. 

Oligopeptide 
Conversiona 

[%] 

Mna 

[g/mol] 
DPa 

Alanine 93 ± 2 410 ± 41 3 ± 1 

Lysine 75± 2 742 ± 128  4 ± 1 

Serine 86± 3 624 ± 87 5 ± 1 

Arginine 81± 1 986 ± 90 5 ± 1 
aDetermined from triplicate analysis of each oligopeptide 

using 1H-NMR.  

 

The results showed high monomer conversion for all the amino acid ethyl esters. The 

molecular weights of the peptides were all below 1000 g/mol. This was expected 

because papain can not only form peptide bonds but also cleave them. As long as the 

peptides are soluble in the buffer solution (as is the case for oligolysine, oligoserine 

and oligoarginine), they are exposed to the enzyme and hydrolysis can occur. Alanine 

had the lowest molecular weight (410 g/mol), which corresponded to three repeating 

units. This can be explained by the chemical structure of alanine. Alanine has a small 

hydrophobic side group and becomes more hydrophobic as the peptide chain grows. 

As the number of repeating units increase, the peptide starts to precipitate from the 

solution, and the catalysis provided by papain is reduced.116 The change in solubility 

of oligoalanine is also caused by strong hydrogen bond formation between the 

oligoalanine chains. This is due to the small methyl side group of alanine, which 
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allows the chains to come close enough for hydrogen bonding. Due to the 

hydrophobic side chain of alanine, the catalysis was shown (from the kinetic test) to 

be faster than the catalysis of lysine. A conversion of 95 % was reached after only 15 

min. Therefore, after 30 min, alanine peptides had precipitated from the solution and 

started to be hydrolyzed by the enzyme. However, according to the kinetic results, 

the amount of the peptide relative to the monomer (formed by hydrolysis) was still 

high. This suggests that the low molecular weight result of alanine is not due to 

hydrolysis but rather due to hydrogen bonding. Hence, peptides longer than 3-4 

repeating units cannot dissolve in DMSO and therefore were not detected. 

 

Random and block co-oligopeptides: Random and block co-oligopeptides of 

alanine and lysine were prepared from chemo-enzymatic synthesis of A-Et and K-Et 

using the same reaction conditions used for the synthesis of the homo-oligopeptides 

(i.e., 1 M PBS (pH 7.6), 40 ºC, and a reaction time of 30 min). The peptides were 

analyzed by 1H-NMR and MALDI-TOF-MS, and the results are shown in figures 12 

and 14. The results were also compared to reference 1H-NMR spectra of random and 

block co-oligopeptides of lysine and alanine prepared by SPPS (figure 13). 

 

 

 

Figure 12. 1H-NMR spectra of block and random co-oligopeptides of lysine and 

alanine in D2O at 25 ºC. 
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In figure 12, a comparison of the 1H-NMR spectra of the block and random co-

oligopeptides is shown. The spectra are similar, showing peaks that both originate 

from the side group of lysine (“e” at 3.1 ppm) and the side group of alanine (“h” at 

1,55 ppm). To confirm that random and block co-oligopeptides were obtained, the 

spectra were compared to block and alternating oligopeptides of alanine and lysine 

synthesized by SPPS (figure 13). These reference spectra reveal that the peaks 

originating from the end groups of the oligopeptides shift differently depending on 

the arrangement. When a block oligopeptide starts with alanine and ends with lysine, 

the triplet peak (“a”, originating from the alpha proton in lysine) shifts higher 

compared with the quartet peak of the alpha proton of alanine (“i”). When the peptide 

has an alternating monomer sequence, the triplet peak is shifted down and starts to 

overlap with the quartet peak of alanine. In addition, when the block co-oligopeptide 

starts with lysine and ends with alanine, the triplet of lysine has a lower shift 

compared with the quartet peak of alanine and is now placed to the right of the alanine 

quartet peak. From these results, it can be concluded that indeed a block co-

oligopeptide starting with lysine and ending with alanine was synthesized. For the 

random co-oligopeptide, the spectrum showed that neither an alternating nor a block 

peptide was formed. It appears to be something in between, which is well-suited to a 

random co-oligopeptide structure. 

 

 

Figure 13. 1H-NMR spectra of block and alternating oligopeptides of lysine and 

alanine synthesized by SPPS in D2O at 25 ºC. The monomer sequence of the bottom 

spectrum is A5K5, the middle spectrum is A(KA)4K, and the top spectrum is K5A5. 
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Figure 14. MALDI-TOF-MS spectra of block and random oligopeptides of lysine 

(K) and alanine (A). “K” represents a repeating unit of lysine, and A represents the 

repeating unit of alanine. 

 

The oligopeptides were analyzed by MALDI-TOF-MS to further confirm that 

heterosequences of alanine and lysine were formed (figure 14). The results showed 

two mass spectra patterns (with a distance of 71 g/mol which is the repeating unit of 

alanine (A), between each peak) for both the random and block co-oligopeptides. The 

mass difference between the two patterns in turn correspond to two repeating units of 

lysine (K). The results suggest that alanine and lysine were successfully coupled and 

that the peptides consisted of three repeating units of lysine and three repeating units 

of alanine. These findings were also consistent with the 1H-NMR results showing that 

oligopeptides of approximately 624 g/mol were formed. 
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4.2.2.1 Cell viability test of random and block co-oligopeptides 

A cell viability test was performed to determine the cell cytotoxicity of the 

oligopeptides. Human mesenchymal stromal cells (hMSCs) were cultured in 96-well 

plates (ca. 8000 cells/well), and three different concentrations (3, 15 and 30 g/mol) 

of the oligopeptides were evaluated. The results shown in figure 15, indicates that the 

cell viability was acceptable for both the random and block co-oligopeptides at 

concentrations lower than 15 g/mol. When the concentration increased, the cell 

viability decreased. It is difficult to determine the exact cause of this decrease. 

Additional tests and analysis is needed. However, other studies have reported similar 

behavior when cells are exposed to increasing concentrations of polypeptides such as 

polylysine and oligo-phenylalanine.63,117 

 

 

 

 

 

 

Figure 15. Cell viability test of random and block co-

oligopeptides at three concentrations (3, 15 and 30 g/mol) in pH 

7 at 37 ⁰C. 
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4.2.3 Enzymatic synthesis from a polylactide chain 

To extend the use of chemo-enzymatic synthesis beyond oligopeptide synthesis and 

use it for functionalization of aliphatic polyesters, a grafter (ethyl hept-6-

enoylalaninate) was designed and synthesized. Enzymatic synthesis of peptides 

cannot be initiated directly from the polyester chain. A grafter is needed for enzyme 

recognition (i.e., binding to the active site of the enzyme), and only then, peptide 

synthesis can be initiated. It was hypothesized that the molecular structure of the 

grafter having an amino acid, was of great importance for recognition by the enzyme 

and to support enzyme catalysis of the amino acids. Alanine was chosen because 

papain prefer amino acids with hydrophobic side chains. To prove this hypothesis the 

grafter was compared to ethyl 6-heptenoate, which has an ethoxy group as the end 

group instead of alanine (figure 16). Both grafters were evaluated for chemo-

enzymatic synthesis using papain as the enzyme catalyst in 1 M PBS (pH 7.6) at 40 

ºC. To support the experimental results, enzyme catalysis was also analyzed with MD 

simulations. 

 

 

Figure 16. The molecular structure of ethyl hept-6-enoylalaninate (left) and ethyl 6-

heptenoate (right). 

Peptide functionalization of the polyester chain was achieved through two different 

synthesis techniques; the grafting from technique (where the grafter was attached to 

the polyester chain prior to enzymatic synthesis of the oligopeptides) and the grafting 

to technique (where oligopeptides were synthesized by enzymatic synthesis from the 

grafter and then attached to the polyester chain). It was of interest to look at both 

these techniques to determine which was most successful. It was also important to 

show that the functionalization could be performed in different ways, which in turn 

could be beneficial depending on which type of application the peptide 

functionalization is used for. Ethyl hept-6-enoylalaninate was used as the grafter in 

the synthesis techniques (while ethyl 6-heptenoate was only evaluated for the first 

peptide synthesis step in the grafting to strategy). The synthesis techniques are 

presented in figure 17, below. 
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Figure 17. The two synthesis techniques used to graft oligopeptide to a polylactide 

chain. The grafting from technique is shown on the left, and the grafting to technique 

is shown on the right. 
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Synthesis of ethyl hept-6-enoylalaninate: A grafter (ethyl hept-6-enoylalaninate) 

was successfully synthesized from a two-step reaction, starting with 6 heptenoic acid 

and SOCl2 (as a chlorinating agent), followed by addition of the intermediate product 

(6-heptenoyl chloride) to A-Et in CH2Cl2 (using NEt3 to initiate the reaction). The 
1H-, 13C- and COSY-NMR spectra can be seen below in figure 18-20. 

 

 

Figure 18. 1H-NMR spectrum of ethyl hept-6-enoylalaninate in CDCl3 at 25 ºC.        

(*) represents residues of unreacted 6-heptenoic acid. 

 

Figure 19. 13C-NMR spectrum of ethyl hept-6-enoylalaninate in CDCl3 at 25 ºC. 
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Figure 20. COSY-NMR spectrum of ethyl hept-6-enoylalaninate in CDCl3 at 25 ºC. 

The spectra confirm that the hydroxyl group was successfully replaced by the A-Et. 

This was seen from a comparison of the 1H-NMR spectra of 6-hetenoic acid and 6 

heptenoyl chloride, where the CH2 protons in the alpha position to the carbonyl 

carbon have different shifts depending on the electronegativity of the end group 

(figure 21). When the carboxylic acid was replaced by an acyl chloride, the alpha 

protons (labeled “g”) shifted from 2.39 ppm to 2.92 ppm. Then, when the acyl 

chloride was replaced by A-Et, the alpha protons shifted down to 2.24 ppm, because 

the amine is less electronegative than the acyl chloride. In the 1H-NMR spectrum, 

small peaks originating from unreacted 6-heptenoic acid and 6 heptenoyl chloride 

can be seen.  
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Figure 21. 1H-NMR of 6-heptenoic acid (top spectrum), 6-heptenoyl chloride 

(middle spectrum) and ethyl hept-6-enoylalaninate (bottom spectrum) in CDCl3 at 25 

ºC. The red arrows illustrate the difference in chemical shift of the CH2 alpha protons 

(labeled “g”) with respect to the carbonyl carbon. 

 

 

Activation of poly(TrtS-LA-co-LA) by deprotection of the thiol groups: To attach 

the grafter to PLA, the polymeric chain must be functionalized. T Fuoco et al. 

synthesized PLLA containing pendant sulfur atoms protected by trityl groups 

(Poly(TrtS-LA-co-LA))14, which was used to attach the grafter using a thiol-ene click 

reaction. Prior to the attachment, the protecting groups on the polymer must be 

removed. Deprotection was confirmed by 1H-NMR analysis (figure 22). The 

spectrum did not show any peaks originating from the trityl groups (7.42-7.18 ppm), 

which suggested that all of the protecting groups were successfully removed. 
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Figure 22. 1H-NMR spectrum of poly(lactide-co-thiol-lactide) in CDCl3 at 25 ºC. 

4.2.4 The grafting from strategy 

The grafter (ethyl hept-6-enoylalaninate) was successfully attached to the thiol 

groups of the PLA chain through a thiol-ene click reaction using AIBN as a radical 

initiator. The attachment was confirmed by 1H-NMR and COSY-NMR analysis. 

 

 

Figure 23. 1H-NMR spectrum of poly(L-lactide-co-grafter-lactide) in CDCl3 at 25 

ºC. 
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From the 1H-NMR spectrum shown in figure 23, it can be seen that all of the grafter 

was coupled to the thiol. Hence, there are no peaks originating from the double bond 

of the grafter (5.88 – 5.74 ppm and 5.07 – 4.94 ppm). A triplet peak at 3.92 appear in 

the spectrum (labeled “b”) that was not present in the 1H-NMR spectrum of the 

grafter. The COSY-NMR (figure 24) spectrum confirmed that this is the CH2 that had 

bound to the sulfur. 

 

Figure 24. COSY-NMR spectrum of poly(L-lactide-co-grafter -lactide) in CDCl3 at 

25 ºC. 

In figure 25, the 1H-NMR spectrum of the poly(LLA-co-grafter-LA) after the 

enzymatic synthesis is shown. The spectrum shows peaks originating from 

polylactide and the grafter, but it is difficult to see the synthesized oligopeptides. This 

was presumed to be caused by the change in hydrophobicity of the product. When 

oligopeptides were synthesized from the poly(LLA-co-grafter-LA) films, it became 

amphiphilic and only partially soluble in organic solutions such as chloroform. 

Therefore, only the hydrophobic portion (the PLA main chain and grafter) could be 

seen in the 1H-NMR spectrum. To support this finding and verify that peptides were 

synthesized from the poly(LLA-co-grafter-LA) films, the product was also analyzed 

by SEC (with DMF as the mobile phase). From the results shown in table 5, it can be 
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seen that the molecular weight and dispersity increases after the enzymatic synthesis, 

thereby confirming that the synthesis of oligopeptides from the poly(LLA-co-grafter-

LA) films was successful. 

 

 

Figure 25. 1H-NMR spectrum of polylactide-graft-oligoalanine synthesized by the 

grafting from strategy in CDCl3 at 25 ºC. The spectrum is analogous to the other 

spectra in which lysine, serine and arginine are grafted instead of alanine. 

 

Table 5. SEC analysis of polylactide-graft-oligopeptides prepared 

by the grafting from strategy 

Sample 𝑴n [g/mol] Ð 

Polylactide-graft-oligoalanine 14800 1.4 

Polylactide-graft-oligolysine 13900 1.5 

Polylactide-graft-oligoserine 13600 1.7 

Polylactide-graft-oligoarginine 14600 1.5 

Poly(L-lactide-co-thiol-lactide) 9200 1.1 
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An interesting observation was made during the enzymatic synthesis. In all reactions, 

precipitates were formed. In the synthesis using A-Et, this was expected since the 

homo-oligopeptides are hydrophobic and formed as a byproduct during the reaction. 

However, for the other amino acids (which are hydrophilic), precipitates should not 

be formed. The precipitates were believed to be degraded poly(LLA-co-grafter-LA) 

caused by enzyme-catalyzed hydrolysis. Since papain exhibits esterase activity, it can 

not only hydrolyze peptide bonds but also ester bonds.102 A 1H-NMR analysis of the 

precipitate from the synthesis of polylactide-graft-oligoserine confirmed this theory. 

Figure 26 shows the peaks originating from poly(LLA-co-grafter-LA) and the peaks 

originating from grafter-oligoserine (which normally are not soluble in chloroform 

due to hydrogen bonding). In addition, it was also seen from the SEC analysis that 

the dispersity of the samples increased after enzymatic synthesis. This is reasonable 

if there was degradation of the polymer during the peptide synthesis. 

 

 

 

 

 

 

 

 

Figure 26. 1H-NMR spectrum of precipitate formed during the synthesis of 

polylactide-graft-oligoserine (grafting from strategy) in CDCl3 at 25 ºC. 
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4.2.5 The grafting to strategy 

Chemo-enzymatic synthesis was carried out from the grafter (ethyl hept-6-

enoylalaninate) prior to attachment to the PLA chain. The synthesis results can be 

seen in table 6; the Mn, DP and conversion were determined from 1H-NMR spectra 

of the grafter-oligopeptides. In figure 27, the 1H-NMR spectrum of grafter-

oligoalanine (grafter-oligoA) is shown, and below is the equation used to calculate 

Mn, DP and conversion. 

 

 

Figure 27. 1H-NMR spectrum of grafter-oligoalanine in D2O at 25 ºC. 

𝐼ℎ = 𝑇ℎ𝑒 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑝𝑒𝑎𝑘 ℎ 

𝐼𝐻 = 𝑇ℎ𝑒 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑝𝑒𝑎𝑘 𝐻 

𝐼𝑖 = 𝑇ℎ𝑒 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑖 
𝐼𝑐 = 𝑇ℎ𝑒 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑐 

 

𝑀𝑛𝐴 = 𝑀𝑔𝑟𝑎𝑓𝑡𝑒𝑟 + (𝐷𝑃𝐴 ∗ 𝑀𝑎𝑙𝑎) + 𝑀𝑂𝐸𝑡  (Eq. 2) 

 

𝐷𝑃𝐴 =  
𝐼𝑖/3

𝐼𝑐
     (Eq. 3) 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛𝑎𝑙𝑎−𝐸𝑡 =
𝐼ℎ

(𝐼ℎ+𝐼𝐻)
   (Eq. 4) 
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Table 6. Molecular weight, monomer conversion, DP and 

theoretical molecular weight of the grafter-oligopeptides after 18 h 

in 1 M PBS at 40 °C 

 

 
 
 

 

 

 

a Analysis by 1H-NMR in triplicate 
 

The results show that grafter-oligopeptides with a DP of 4-5 repeating units were 

successfully synthesized. The conversion was high for all samples, and grafter-

alanine had the highest conversion (95 %), while serine had the lowest (69 %). The 

conversion results of the grafter-oligopeptides are consistent with the conversion 

results of the synthesis of homo-oligopeptides. These results suggest that the presence 

of the grafter does not affect the enzymatic synthesis (i.e., it does not inhibit the 

enzyme). In figure 28 below is a comparison of the conversion of the amino acid 

ethyl ester with and without the grafter present.  

 

 

Figure 28. Monomer conversion of alanine ethyl ester (A-Et), lysine ethyl ester (K-

Et), serine ethyl ester (S-Et) and arginine ethyl ester (R-Et) with and without the 

grafter present in the solution. 

0

20

40

60

80

100

A-Et K-Et S-Et R-Et

C
o
n
v
er

si
o
n
 [

%
]

with grafter without grafter

Grafter-oligopeptide 
Mna 

[g/mol] 

Conversion a 

[%] 
DP a 

grafter-oligoA 582 ± 123 95 ± 3 5 ± 2 

grafter-oligoK 910 ± 74 76 ± 6 5 ± 1 

grafter-oligoS 546 ± 100 69 ± 12 4 ± 1 

grafter-oligoR 747 ± 238 79 ± 5 4 ± 2 
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The fact that the conversion was highest when A-Et was used compared to the other 

amino acid ethyl esters was expected. Papain has a broad substrate specificity but 

prefers hydrophobic amino acids in the P2 position. Synthesis of oligoalanine using 

papain as catalyst has been performed in earlier research by K. Numata et al.89 

However, they reported longer peptide sequences (up to 9 repeating units, at pH 7). 

As explained earlier in the section regarding the synthesis of homo-oligoalanine, the 

oligomers tend to precipitate from the solution as the number of repeating units 

increase. This is due to hydrogen bond interactions between the NH proton and the 

carbonyl oxygen. Since the product was separated from unreacted grafter by 

centrifugation, it is likely that it was also separated from precipitated homo-

oligoalanine and grafter-oligoalanine longer than 4-5 repeating units. Grafter-

oligolysine, -oligoserine and -oligoarginine, which have hydrophilic side groups, 

remained soluble in PBS and did not exhibit longer peptide sequences (according to 

the 1H-NMR spectra). This was thought to be because of the hydrolytic activity of 

the enzyme. Because papain is a protease, it will of course hydrolyze peptide bonds 

and form amino acids as byproducts during the reaction. Another possible reason is 

that insertion of the substrate is less favorable as the peptide chain grows, and as a 

result, the enzyme catalysis (in terms of aminolysis) was reduced. 

 

The grafter-oligopeptides were then attached to poly(L-lactide-co-thiol-lactide) using 

a thiol-ene click reaction (with AIBN as a radical initiator), and the 1H-NMR spectra 

are shown in figure 29. Similar to the 1H-NMR spectrum of polylactide-graft-

oligoalanine prepared by the grafting from strategy, a peak labeled “b” appeared in 

all spectra. This confirmed that the attachment of the grafter-oligopeptides was 

successful. Furthermore, the spectra also show the hydrophobic portions of the 

polymer (PLA and grafter) clearly, while the peaks of the oligopeptides (the 

hydrophilic part) are barely visible. There is a small peak labeled hn that represents 

the alpha proton of the repeating unit of alanine. This peak is not present in the lysine 

and arginine spectra, likely because they are more hydrophilic than alanine. Serine 

peaks appearing close to the peaks labeled b and h are not present in the other spectra. 

They probably represent the alpha proton of the serine repeating unit, with a slightly 

different shift than alanine because of the hydroxy group.  
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Figure 29. 1H-NMR spectra of polylactide-graft-oligoalanine (1), polylactide-graft-

oligolysine (2), polylactide-graft-oligoserine (3) and polylactide-graft-oligoarginine 

(4) in CDCl3 at 25 ºC. 

Because of the amphiphilic properties of the product, 1H-NMR spectra were also 

obtained in D2O (figure 30). In D2O, the peaks from the oligopeptides are shown, 

while the peaks of the PLA chain are absent. Small peaks of the grafter were also 

present, but only the ones that originate from the protons closest to the peptide. The 

appearance of the structure suggests that the PLA grafted with oligopeptides forms 

micelles. In an organic solvent, the hydrophilic domains are likely folded inward, 

forming the core of the micelle, while the hydrophobic portion forms the shell. In an 

aqueous solution, the conformation will be the opposite, with the hydrophobic portion 

at the core and the hydrophilic part as the shell. It could also be seen in the spectra 

that not all of the unattached grafter-oligopeptides was separated from the product 

during purification. Some of it was still trapped in the polymer. 
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Figure 30. 1H-NMR spectra of polylactide-graft-oligoalanine (1), polylactide-graft-

oligolysine (2), polylactide-graft-oligoserine (3) and polylactide-graft-oligoarginine 

(4) in D2O at 25 ºC. 

To further confirm the attachment of the grafter-oligopeptides, a contact angle 

measurement was performed on films of the polylactide-graft-oligopeptides to 

observe how the properties of the surface changed with the different amino acids. 

From the results in table 7, it can be seen that the contact angle decreased (resulting 

in a hydrophilic surface when grafter-oligoalanine, -oligolysine and -oligoarginine 

were attached). However, when oligoserine was attached, the surface properties did 

not change. They remained similar to those of the reference, poly(LLA-co-SH-LA). 

It was expected that attachment of oligoserine would create a hydrophilic surface 

because of the hydroxyl group. A possible reason for the unchanged contact angle 

could be that the side groups of serine are not oriented toward the surface of the film. 
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Table 7. The contact angle of poly(L-lactide-co-thiol-lactide) and poly(L-

lactide-co-thiol-lactide) grafted with grafter-oligoalanine, grafter-oligolysine, 

grafter-oligoserine and grafter-oligoarginine 

Sample Contact angle [ᵒ] 
Hydrophobic/ 

Hydrophilic 

Polylactide-graft-oligoalanine 78.7 ± 2.7 Hydrophilic 

Polylactide-graft-oligolysine 66.2 ± 2.6 Hydrophilic 

Polylactide-graft-oligoserine 95.4 ± 5.6 Hydrophobic 

Polylactide-graft-oligoarginine 73.5 ± 2.2 Hydrophilic 

Poly(LLA-co-SH-LA) 94.6 ± 4.3 Hydrophobic 

 
 
EDS-SEM analysis of polylactide-graft-oligolysine and polylactide-graft-

oligoarginine was also performed, again to confirm that attachment of the 

oligopeptides was successful but also to observe the nitrogen distribution in the 

samples. The atomic percentage of nitrogen relative to carbon, oxygen and sulfur was 

determined to be 6 % for polylactide-graft-oligoarginine and 2 % for polylactide-

graft-oligolysine. This was expected because arginine has three amines in its side 

chain, while lysine only has one. In figure 31, the nitrogen distribution in the samples 

can be seen. The analysis showed that the nitrogen is evenly dispersed throughout 

both of the samples. 
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Figure 31. EDS-SEM analysis of polylactide-graft-oligoarginine 

(A) and polylactide-graft-oligolysine (B); the red dots represent 

the distribution of nitrogen in the samples. 

 

 

 

 

 

 

 



                                                            RESULTS AND DISCUSSION 

62 

4.2.6 Molecular dynamics simulation of the grafters 

To elucidate the importance of the design of the grafter, ethyl 6-heptenoate was used 

as grafter instead of ethyl hept-6-enoylalaninate. Ethyl 6-heptenoate has an ester 

group as an end group instead of an alanine group (in ethyl hept-6-enoylalaninate), 

and it was of interest to determine whether this alanine group was important to the 

synthesis. This was analyzed both experimentally and computationally through MD 

simulations. 

The MD simulations suggested that the grafter with an alanine as the end group 

supports the enzymatic synthesis better than the ethyl 6-heptenoate. The results 

indicated that the hydrogen bond acceptor (D158) was held in place by an additional 

anchoring hydrogen bond interaction that was provided by the NH group of alanine 

in ethyl hept-6-enoylalaninate (see figure 32). The anchoring hydrogen bond keeps 

the grafter in a favorable position for hydrogen bond formation with the reacting 

nitrogen of the incoming nucleophilic amino acid ester. It also facilitates nitrogen 

inversion by lowering the energy of the transition state, resulting in a higher 

conversion rate.  

 
Figure 32. The tetrahedral intermediate of ethyl hept-6-enoylalaninate coordinated 

in the active site of papain (left image). Image obtained from the MD simulation. 

 

In table 8, the results of the MD simulation are presented. The average distance, angle 

and hydrogen probability between the NH of the nucleophilic amino acid ester and 

the carboxyl oxygen of D158 were all at acceptable levels to support enzyme 

catalysis. The values were not affected by the type of amino acids used, which was 

consistent with the findings of the experimental amino acid ester conversion. 

Interestingly, when ethyl 6-heptenoate was applied, there was an increase in the 

average distance and a decrease in the average angle. The hydrogen probability was 

reduced by 100-fold compared with that of the ethyl hept-6-enoylalaninate. This was 

explained by the lost anchoring interaction (the hydrogen bond between the C=O of 

D158 and the NH of the grafter) in ethyl 6-heptenoate (see figure 33). 
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Table 8. Results from MD simulations of tetrahedral intermediates. For reference, 

the conversion data are given. 

a Represents the nucleophilic amino acid monomer 
b Bond formation was not possible due to the absent nitrogen in the ethyl 6-
heptenoate backbone 

 

Figure 33. The tetrahedral intermediate of ethyl 6-heptenoate coordinated in the 

active site of papain (left image). Image obtained from the MD simulation. Note that 

there is no anchoring interaction, and the relative probability of the marked hydrogen 

bond is reduced 100-fold (table 8). 

The experimental results from the chemo-enzymatic synthesis using ethyl 6-

heptenoate instead of ethyl hept-6-enoylalaninate supported the results of the MD 

simulations. Based on 1H-NMR analysis, there were no oligopeptides synthesized 

from the ethyl 6-heptenoate; only homo-oligomers of the amino acids were formed 

and identified in the spectrum. 

Grafter 

Amino 

acid 

ethyl 

ester 

Average Average 

H-bond 

Probability 

Anchoring 

Probability 

Conv 

[%] 

Distance (Å) 
Angle 

(Degrees) 

R-NHa R-N-Ha 

…O=D158 …O=D158 

Ethyl hept-6-

enoylalaninate 
A-Et 2.76 163 0.10 0.81 

94.6 ± 

3 

Ethyl hept-6-

enoylalaninate 
S-Et 2.72 163 0.25 

0.83 

75.8 ± 

6.5 

Ethyl hept-6-

enoylalaninate 
K-Et 2.76 163 0.16 

0.79 

68.7 ± 

12 

Ethyl hept-6-

enoylalaninate 
R-Et 2.99 160 0.12 

0.70 

79.3 ± 

5.5 

Ethyl-6 

heptenoate 
A-Et 3.53 153 0.0010 - b ~0 
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4.3 MICROSTRUCTURAL DESIGN OF THE SCAFFOLD 

In addition to the importance of the surface properties of scaffold materials for tissue 

engineering, the microstructure of the material is also essential. Tailored copolymers 

of LA and β-BL were obtained because they have interesting properties for use in the 

medical industry (such as biocompatibility and degradability). Unfortunately, they 

degrade at higher temperatures. Especially naturally occurring polymer of β-BL 

derived from bacteria (in its  isotactic form), which have a thermal degradation 

temperature of 180 ºC. ROP of rac-β-BL and LA using a single site metal catalyst 

offers a promising alternative approach in which the thermal properties of the 

polymers can be adjusted. By choosing an optimal catalyst that promotes ROP of 

both LA and β-BL, the stereochemistry and microstructure can be controlled, which 

in turn makes it possible to tune the thermal properties of the copolymer. Yttrium 

catalysts bearing salan-type ligands have shown to be effective catalysts for ROP of 

cyclic esters and polymerization of β-BL.73 These types of catalysts have not been 

used for copolymerization of LA and β-BL and were used in this study for the first 

time. Aluminum-based catalysts have also successfully been used for polymerization 

of LA and copolymerization of LA and β-BL. It was therefore of interest to synthesize 

an aluminum catalyst bearing the same type of ligand as the yttrium catalyst and 

compare their performance in synthesis of PLBL.  

4.3.1 Synthesis of the Aluminum salan catalyst 

The aluminum salan catalyst was successfully prepared and confirmed by NMR 

analysis (1H-NMR, 13C-NMR, DEPT-NMR and 1H-1H-NOESY) and elemental 

analysis. In figure 34, the 1H-NMR of the aluminum salan complexes is presented. It 

shows the presence of two species (one symmetric, labeled 1, and one asymmetric, 

labeled 2) of the catalyst (1:1 ratio), where the methyl groups on the nitrogen atoms 

have different conformations. For example, two multiple peaks appear at 4.44 ppm 

(a1) and 3.98 ppm (a2) (which originate from the methine protons of the isopropoxide 

group); moreover, a doublet peak at 1.05 ppm (b1) and a doublet of doublet peak at 

0.95 ppm and 0.83 ppm (b2) (which represent the methyl protons on the isopropoxide 

group) appear in the spectrum. The split of the latter doublet peaks indicates that the 

two methyl groups are not equivalent and that the ligand might be wrapped around 

the aluminum in an asymmetric conformation. The singlet peaks from the protons of 

the methyl group (NMe) also show the same behavior. One singlet is at 2.54 ppm 

(labeled c1), and the second is split in two (2.52 and 2.49 ppm, labeled c2). The 

appearance of the two species is believed to be caused by the flexible nature of the 

salan ligand framework. In solution, they are believed to be in a fluxional 

equilibrium.118  
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The fluxional equilibrium was indeed confirmed by 1H-1H-NOESY-NMR analysis 

(figure 35). The spectrum (in figure 35, to the right) showed blue cross peaks in the 

same phase as diagonal, which indicated chemical exchange process. The red cross 

peaks were in opposite phase with the diagonal and indicated spatial correlation. In 

figure 35 (to the left), it can be seen that the symmetric species has a NOE effect 

between the NMe protons at 2.54 and the singlet for the methyl proton of Al-OCHMe2 

at 1.05 ppm. For the asymmetrical species, two NMe signals appeared (2.52 and 2.49 

ppm). The NMe protons at 2.49 ppm showed a NOE effect with the two methyl 

protons Al-OCHMe2 (0.95 and 0.83 ppm); the other NMe protons (2.52 ppm) showed 

a NOE effect with the  protons of the tert-butyl group on the phenoxide ring. This 

suggested that the two methyl groups on the nitrogen atoms were in a pseudo-cis 

conformation for the symmetrical species and in pseud-trans position of the 

asymmetrical species, as depicted in the scheme of figure 34. 

 

 

 

 

Figure 34. 1H-NMR spectrum of aluminum salan complexes in CDCl3 at 25 ºC. 
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Figure 35. 1H-1H NOESY-NMR spectrum of the salan aluminum catalysts in CDCl3 

at 25 ºC. The blue cross peaks are in the same phase as the diagonal and the red cross 

peaks are in opposite phase with the diagonal. 

 

4.3.2 Synthesis of poly(L-lactide-co-hydroxybutyrate) (PLBL)  

Copolymers of LA and rac-β-BL were synthesized using either an yttrium or 

aluminum salan catalyst. Yttrium catalysts bearing salan- and salen-type ligands have 

been shown to be efficient catalysts for PHB synthesis73, and therefore, an yttrium 

catalyst was chosen for copolymerization of LA and rac-β-BL (entry 1-10). The 

synthesized aluminum catalyst bearing the same type of ligand (described in the 

previous section) was also used to synthesize PLBL (entry 10). Since aluminum 

complexes have often been used to synthesize PLA, also with high stereoregularity, 

it was interesting to observe the performance of the aluminum catalyst bearing a 

similar ligand as the yttrium catalyst used in the synthesis of PHB. The reaction 

conditions in terms of temperature, catalyst concentration and reaction time were 

varied, and the synthesis results are presented in table 9. The copolymers were 

characterized by 1H- and 13C-NMR, SEC, MALDI-TOF-MS and DSC. In figure 36, 

the 1H-NMR spectrum of entry 1 (using the yttrium salan catalyst) is shown. 
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Table 9. Ring opening polymerization of L-, D-lactide and β-butyrolactone in toluene 

using either an aluminum salan or an yttrium salan catalyst at different temperatures 

and different catalyst concentrations. 

Entry
a 

LLA

, 

DLA 

T 

[⁰C
] 

Cat 

[*10-2 

mol/l

] 

Cat 

Molar 

feed ratio 

Conv.c Compositionc 
LA-

BLd 

[mo

l%] 

Mntheo 

[g/mol] 

Mn 

[g/mol]  
Ð [mol%] [mol%] 

BL LA BL LA BL LA 

1 L 70 6.3 Y 93 91 66 99 45 55 57 18525 16668 1.5 

2 L 20 5.9 Y 78 80 57 99 48 52 31 15228 24160 1.7 

3 L 50 6.0 Y 89 92 58 99 34 66 43 17555 18826 1.7 

4 L 50 3.0 Y 108 111 72 99 47 53 45 22512 24212 1.8 

5 L 50 1.5 Y 109 104 33 99 20 80 85 17920 35338 1.1 

6 L 20 1.5 Y 89 93 33 99 39 61 34 15784 29329 1.1 

7 L 50 3.1 Y 51 134 62 99 28 72 58 21822 47528 1.1 

8 b L 50 2.7 Y 207 239 20 99 17 83 95 37632 43073 1.1 

9 D 50 3.0 Y 74 74 79 99 45 55 40 15577 20129 1.2 

10 L 70 5.8 Al 82 89 43 51 40 60 56 9569 9891 1.1 

aReaction condition was set to 2 h with yttrium salan (Ysalan) and 144 h with aluminum salan 

(Alsalan). The reaction solvent was toluene. 
bReaction time was set to 4 h 
cThe conversion and composition of the copolymers were determined by 1H-NMR analysis 
dThe heterosequences ([BL-LA]/[BL-BL+BL-LA]) were determined by 1H-NMR and 13C-

NMR analysis 
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Figure 36. 1H-NMR of poly(lactide-co-hydroxybutyrate) synthesized with an yttrium 

salan catalyst (bottom spectrum) in CDCl3 at 25 ºC.  

 

The NMR analysis results and the data shown in table 9 suggest that the yttrium salan 

catalyst was more successful than the aluminum salan catalyst. It can be seen that 

high monomer conversion was obtained for LA when the yttrium salan catalyst was 

used. The β-BL conversion was generally lower and varied depending on the catalyst 

concentration and reaction temperature. The reactions (entries in table 9) using the 

yttrium catalyst yielded a higher polymer molecular weight within a shorter reaction 

time. After 2 h, polymers with a molecular weight between approx. 16 700 and 47 500 

g/mol were obtained, while after 144 h (6 days) polymers with a molecular weight of 

ca. 10 000 g/mol were obtained when the aluminum catalyst was used. The amount 

of LA was higher than that of BL in all the samples. However, the results show that 

the composition of BL and LA could be adjusted by the molar feed ratio, and thereby, 

the composition and molecular weight of the copolymer could be modulated. 

 

The microstructure of the copolymers (the entries in table 9) were determined by 1H-

NMR, 13C-NMR and MALDI-TOF-MS. The amount of the heterosequences could 

be adjusted by changing the temperature and the concentration of monomers. At 70 

ºC, the heterosequences were approximately 50 % (independent of the catalyst being 

used but with different reaction times, entry 1 and 10), while at 20 ºC, the 
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heterosequences were 20-34 % (entry 2 and 6) and the conversion of β-BL was lower 

respect to higher temperature. In figure 37, a comparison of the signals in the 1H 

NMR spectrum of CH2 protons (2.82-2.45 ppm) that originate from the 

heterosequences and homosequences between the lactide-butyrolactone (LA-BL) and 

butyrolactone-butyrolactone (BL-BL) was made. As can be seen in figure 37, two 

pattern of signals are clearly recognized for the LA-BL (at 2.77-2.58 ppm) and BL-

BL (at 2.66-2.45 ppm) sequences. As the amount of LA increase, the intensity of the 

signal for LA-BL increases. 

 

 

Figure 37. 1H-NMR spectra of the CH2 protons from the peaks originating from the 

heterosequences of LA-BL and homosequences of BL-BL in CDCl3 at 25 ºC. (a) is 

PHB homopolymer, (b) is entry 2, (c) is entry 4, (d) is entry 1, (e) is entry 5 and (f) 

is entry 8 in table 9. 

The 13C-NMR spectra of the copolymers were analyzed and the peaks were assigned 

according to the literature.31 In the 13C-NMR spectrum (figure 38), peaks representing 

homosequences of both LA and β-BL and heterosequences of LA-BL appeared. The 

MALDI-TOF-MS results shown in figure 39 suggested that the copolymer was 

gradient, where the copolymers started with a LA units and ended with a BL units. 
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Figure 38. 13C-NMR of poly(L-lactide-co-hydroxybutyrate) in CDCl3 at 25 ºC 

 

Figure 39. MALDI-TOF-MS spectrum of poly(L-lactide-co-hydroxybutyrate) 

To further analyze the yttrium catalyst-mediated copolymerization of LA and BL, 

kinetic tests and analysis of the thermal properties of the copolymer were performed. 

It was of interest to see if the thermal properties of the copolymer were suitable for 

processing at high temperatures.  
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In figure 40, the results of the kinetic test performed by 1H-NMR analysis can be 

seen. They show that the polymerization rate of LA was approximately 10 times 

higher than the polymerization rate of BL. The importance of the stereochemistry of 

LA with respect to the polymerization rate was also analyzed (see figure 41). This 

analysis showed that the rates of DLA and LLA were fairly similar. However, the 

rate of BL was twice as high when DLA was used compared to when LLA was used. 

A possible reason for this could be the molecular conformation of the catalyst and the 

steric hindrance of the ligands. DLA does not bind as effectively as LLA, and 

therefore, the polymerization rate is slower, allowing for better incorporation of the 

β-BL.75 

 

 

Figure 40. Results of the kinetic analysis of copolymerization of LLA and BL using 

the yttrium salan catalyst at 25 ºC. 

 

 

Figure 41. Results of the kinetic analysis of copolymerization of DLA and BL using 

the yttrium salan catalyst at 25 ºC. 
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Previous research has shown that the stereoregularity of PHB and copolymerization 

with other monomers such as LA affects the thermal and mechanical properties of 

the products.26,31 There is a desire to decrease the Tm in order for to use the material 

for processes such as 3D printing (because the Tm is very close to the thermal 

degradation temperature in PHB). To determine the thermal properties of the PLBL 

copolymers (synthesized with the yttrium salan catalyst at 50 ºC for 2 h), they were 

analyzed by DSC. 

 

Figure 42. Tg of poly(lactide-co-3-hydroxybutyrate) as a function of different 

amounts of BL (mol %). 

In the thermogram from the DSC analysis, it can be seen that the Tg decreases with 

the increasing amount of BL. The Tg of the copolymers with different amounts of BL 

(in mol%) can be seen in figure 42. There was one Tg and no Tm registered for each 

sample. This suggests that the samples were amorphous, and no phase separation 

occurred.  

 

Taken together, the findings show that single site yttrium and aluminum salan 

catalysts can be used to synthesize and control the microstructure of PLBL 

copolymers. The MALDI result and the kinetic test showed that a gradient copolymer 

of LA and BL (starting with LA and ending with β-BL) was successfully synthesized. 

However, the yttrium salan catalyst was considered better than the aluminum salan 

catalyst, mainly because high molecular weight polymers were obtained in a short 

reaction time (2 h) with successful incorporation of β-BL. Copolymerization with LA 

adds the possibility of tuning the thermal properties of the polymer, because the 

increased amount of BL resulted in a decreased Tg. The temperature decrease of the 

Tg and absent Tm suggests that thermal processing of the copolymer would be easier. 

Hence, the processing temperature could be lower and thermal degradation could be 

avoided. This opens new interesting application areas, such as 3D printing of 

scaffolds for tissue engineering.  
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5 CONCLUSIONS 

This thesis describes how aliphatic polyesters were successfully designed and tailored 

for the potential use as scaffolds to promote tissue engineering. The potent demands, 

such as degradability, compatibility and processability, were addressed both on the 

micromolecular level (through copolymerization and functionalization) and on a 

higher three-dimensional structure level (by designing hierarchical scaffolds).  

 

Two-component porous scaffolds of PLCL, PLGA-g-PEG hydrogel and 

hydroxyapatite (HA), (i.e., hierarchical scaffolds) were successfully prepared for the 

possible use in sequential, controlled release of growth factors in tissue engineering. 

The molecular structure and properties of PLGA-g-PEG were carefully analyzed to 

obtain a thermosensitive hydrogel that could easily be injected into the PLCL scaffold 

and form a gel within 1 min at 37 ºC that was stable for 3 weeks. The addition of HA 

was shown to increase the stability of the gel (by increasing the number of hydrogen 

bond interactions) and increase the pH of the solution. 

 

Polylactide was successfully functionalized by oligopeptides through template-

assisted chemo-enzymatic synthesis. The technique is a simple one-step reaction 

performed under mild conditions (i.e., natural pH and low temperature) where, 

various oligopeptides were grown from a synthesized grafter (ethyl hept-6-

enoylalaninate) using papain as biocatalyst. MD simulations revealed the importance 

of the design of the grafter. The alanine end-group provided an anchoring hydrogen 

bond interaction (between the reacting NH group of the grafter and the D158 

backbone in papain) that stabilized the inversion transition state and permitted 

formation of the key mechanistic hydrogen bond between the reacting NH group of 

the incoming nucleophilic amino acid and the D158 backbone in papain. Two 

synthesis strategies were used to graft peptides onto the polylactide chain, the grafting 

from strategy and the grafting to strategy. The latter strategy was preferred because 

the product was not degraded by the enzyme. Hence, the molecular weight and 

number of repeating amino acids were easier to control. 
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Thermal properties of PLBL were successfully tailored using ROP with single site 

metal catalysts (salan yttrium and salan aluminum catalysts). The salan yttrium 

catalyst was preferred because it resulted in high molecular weight copolymers in a 

relatively short reaction time. β-BL incorporation was adjusted by the reaction 

temperature, the catalyst concentration and to some extent by the molar feed ratio. 

Furthermore, the kinetic test revealed that the stereoregularity of LA affects the 

amount of BL in the copolymer. When DLA was used instead of LLA, the conversion 

rate of β-BL increased by twofold. When the amount of BL was increased, the Tg of 

the PLBL copolymer decreased. This suggests that the thermal properties of the 

copolymer could be suitable for thermal processing, such as that required for 3D 

printing. 
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6 FUTURE WORK 

Based on the results described in this thesis, there are many things that could be 

investigated further. 

The hierarchical scaffold, consisting of an aliphatic polyester (PLCL) and a 

thermosensitive hydrogel (PLGA-g-MPEG), is an interesting system for delivering 

different growth factors at different time points. Thereby, it can optimize interactions 

between the scaffold material and the surrounding cells for improved tissue 

engineering. The natural next step would be to optimize the degradation of the 

materials and the release patterns of bioactive components. To start, the loading and 

release of such substances from the low molecular weight PLGA-g-MPEG hydrogels 

should be carefully evaluated. Then, a hierarchical scaffold with different growth 

factors loaded into the different polymer systems of the scaffold should be prepared. 

The degradation and release pattern of active components should be mapped. If the 

results seem promising, the hierarchical scaffold should move forward to biological 

testing, first in vitro and then in vivo.  

The results of the template-assisted enzymatic synthesis study indicate that this is a 

promising method to functionalize polyesters with peptides in a simple and cost-

effective manner. Compared to the current peptide synthesis and grafting techniques, 

this technique can be performed in mild conditions and without the use of hazardous 

solvents. The future possibilities for this synthesis technique are many. A large 

variety of oligopeptides can be prepared and attached to polylactide, and different 

templates can be synthesized to initiate and optimize peptide synthesis on other 

polyesters. For example, it would be interesting to graft peptides (using template-

assisted chemo-enzymatic synthesis) on PLBL, which was synthesized in the last 

project.  
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It could also be interesting to look at other types of proteases than papain for use in 

template-assisted enzymatic synthesis. Through collaborations, it is also possible to 

design new enzymes in which the hydrolysis mechanism of the enzyme is inhibited. 

That would avoid degradation of the polyester and the peptides, which would result 

in longer peptides being synthesized from the polymer chain. 
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