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Abstract 

Antimicrobial and biodegradable fibers are essential in medical applications, especially those in direct 

contact with the skin like wound dressings. It is ideal to have wound dressings that can eliminate 

microbes from the wound bed and be biodegradable. The use of biocompatible and biodegradable 

polymers in production of wound dressings will lead to a novel approach. Some biodegradable and 

biocompatible polymers such as polycaprolactone, poly (lactic acid), poly (lactic-co-glycolic acid) have 

been approved by the Food and Drug Administration for wound dressings, tissue engineering, drug 

delivery, etc. 

In this study, polycaprolactone was synthesized and antimicrobial agents were attached to the 

polymer backbone. The polymerization of caprolactone was first optimized via ring opening 

polymerization using tin(II) 2-ethylhexanoate (Sn(Oct2)) or Candida antarctica lipase. After the 

optimization, poly(ε-caprolactone-co-γ-amino-ε-caprolactone) (poly(CL-co-ACL)) was successfully 

synthesized. This was achieved in three steps: synthesis of γ-(carbamic acid benzyl ester)-ε-caprolactone 

(γ-CABεCL); copolymerisation of the γ-CABεCL and ε-caprolactone, via ring-opening polymerization 

(ROP) using Sn(Oct2) as a catalyst and water as initiator; and finally, deprotection via acidolysis. The 

structures of the monomers and polymers/copolymers were confirmed by 1H-NMR, 13C-NMR, and 

ATR-FTIR spectroscopy. The molecular weight and molar mass dispersity of the polymer was 

determined using GPC. To induce antimicrobial properties to poly(CL-co-ACL), it was modified by 

grafting polylysine or quaternization of the pendant amine functional groups. Caprolactone-based 

scaffolds were fabricated by electrospinning and they were characterized by SEM. The antimicrobial 

nanofibers were further characterized by zone inhibition assay. The polymers showed antimicrobial 

activity against both Staphylococcus aureus and Pseudomonas aeruginosa after 24 h of incubation. 

Biodegradation studies were carried out using Pseudomonas lipase at 37 °C and nanofibers degraded 

within 4 days. 
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Opsomming 

Antimikrobiese en bio-afbreekbare vesels is noodsaaklik vir mediese toepassings, veral daardie wat in 

direkte kontak kom met die menslike vel soos byvoorbeeld wondbedekkings. Dit is ideaal om 

wondbedekkings te hê wat bio-afbreekbaar is en instaat daartoe is om mikrobes te elimineer van die 

wond. Die gebruik van bio-verenigbare en bio-afbreekbare polimere in die produksie van 

wondbeddekkings kan lei tot ‘n innoverende benadering. Sommige bio-afbreekbare en bio-verenigbare 

polimere soos byvoorbeeld polikaprolaktoon, poli(laktiessuur), poli(lakties-ko-glukolsuur) is 

goedgekeur deur die Food and Drug Administration vir die gebruik in wondbedekkings, 

weefselgeniëring, medisyne toediening, ens.  

In hierdie studie was polikaprolaktoon gesintetiseer en antimikrobiese stowwe aan die polimeer 

ruggraat geheg. Die polimerisasie van kaprolaktoon was aanvanklik geoptimeer deur middel van ring-

openingspolimerisasie met die gebruik van tin(II) 2-etielheksanoaat (Sn(Oct2)) of Candida antarctica 

lipase. Na die optimalisering, was poli(ε-kaprolaktoon-ko-γ-amino-ε-kaprolaktoon) (poli(KL-ko-AKL)) 

suksesvol gesintetiseer. Dit was in drie stappe uitgevoer: sintese van γ-(karbamiese suur bensiel ester)-

ε-kaprolaktoon (γ-KABεKL); kopolymerisasie van die γ-KABεKL en ε-kaprolaktoon deur middle van 

ring-openingspolimerisasie (ROP) wat gebruik te maak van Sn(Oct2) as katalis en water as inisiator; en 

uiteindelik, die ontbeskerming deur middle van suurlisering. Die strukture van die monomere en 

polimere/kopolimere was bevestig deur 1H-KMR, 13C-KMR, en ATR-FTIR spektroskopie. Die 

molekulêre massa en molêre massa dispersie van die polimeer was bepaal deur GPC. Om die 

antimikrobiese eienskappe by poli(KL-ko-AKL) te voeg, was dit gemodifiseer deur die entings 

polimerisasie van polilisiene of kwaternarisering van die aanhangende amien funksionele groepe. 

Steiers gebaseer op kaprolaktoon was deur die elekrospin proses vervaardig en deur SEM 

gekarakteriseer. Die antimikrobiese nanovesels was verder deur sone inhibisie toetse gekarakteriseer. 

Die polimere het antimikrobiese aktiwiteit teen beide Staphylococcus aureus en Pseudomonas 

aeruginosa na inkubasie van 24 h getoon. Bio-afbreekbare studies is uitgevoer op Pseudomonas lipase 

teen 37 °C en die nanovesels het na 4 dae afgebreek. 
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1 

Chapter 1: Introduction 

1.0 Summary 

In this chapter, the background of the study, including the motivation for this study are briefly described. 

The overall aim and specific objectives and thesis outline are presented. 

 

1.1 Background  

Polycaprolactone (PCL) is semi-crystalline aliphatic polyester with hexanoate repeat units.1, 2 It is 

biodegradable, biocompatible, and nontoxic.3,4 Biodegradable aliphatic polyesters have been used as 

biomaterials in the medical field because of their biocompatibility.5,6 PCL has been accredited for use 

in many medical applications with the aid of the Food and Drug Administration.6,7 Therefore, ε-

caprolactone copolymers can be used as scaffold materials for drug delivery,3, 8 and in wound dressing 

and tissue engineering.9 To enhance the application of PCL in biomedical applications, reactive 

functional groups such as carboxylic acids, carbonyls, amines, vinyls, halogens, and hydroxyls on the 

PCL chain are required.10 These functional groups are required for covalent substitution and grafting of 

functional ligands.5 They also play a main role in enhancing the hydrophilicity, biodegradation rate, and 

crystallinity of the polymer.10 Functionalized lactones can be polymerized by means of ring-opening 

polymerization (ROP) to obtain polymers with pendant functional groups. Polymers with pendant 

functionalities can also be achieved by post polymeri zation modification.5 

PCL degrades slowly in both in vitro and in vivo systems as a result of its hydrophobicity and 

crystallinity.11 PCL has –CH2 moieties that are hydrophobic, which limits its application as a biomaterial 

on its own. 12 PCL based materials are completely degraded by bacterial and fungal enzymes12,13,14 and 

hydrolytically at temperatures around 37 C.3 It takes 24–36 months for PCL to degrade completely in 

the natural environment. Degradation times can be significantly improved, however, through 

copolymerization with other monomers and various other chain end modifications.15 The rate of 

hydrolytic degradation of polyester is mostly influenced by the crystallinity, temperature7,11 and 

molecular weight.11,14 

PCL nanofibers can be used as wound dressings.16 Wound dressings enhance the healing process 

by aiding in the repairing of tissue after injury.17 Ideally, a wound dressing should absorb exudates from 

the wound while maintaining a moist environment. It should allow gaseous exchange and be non-

adherent on the wound, thus minimizing inflammation when changing dressings. Above all it should be 

able to protect the wound from microbial infections.16 PCL based materials are ideal for this application 

due to biocompatibility and cost effectiveness.6 
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1.2 Motivation of the study 

The study was motivated by the fact that bacterial contamination is one of the biggest challenges faced 

by the medical field.18 Microbial contamination gives rise to microbial related diseases. So, nanofibers 

that would be used as wound dressings should be antimicrobial to eliminate the accumulation of 

microorganisms.18,19 Another motivation was the rise of synthetic and nonbiodegradable materials 

resulting to land pollution after use. The use of biodegradable materials will help in eliminating the 

problem. To fabricate biodegradable scaffolds, PCL was chosen since it is one of the FDA approved 

polymers for medical use. It is biocompatible and biodegradable.20,21,22 Since PCL is not antimicrobial 

on its own, quaternary ammonium compounds (QACs) and polylysine (PL) were chosen as 

antimicrobial agents. Polymeric materials that contain organic/inorganic active agents tend to leach out 

of the material into the environment. Antimicrobial polymeric materials that have non-leaching 

antimicrobial agents (covalently attached onto the polymer backbone) promote antimicrobial efficacy 

in a long period of time while excluding residual toxicity.18 

PL was chosen because it is a stable polymer that is water soluble, biodegradable, and has low 

toxicity. Quaternary ammonium compounds (QACs) were chosen since they are known to be 

antimicrobial. Previous work done by Osama Bshena and Lizl Cronje from the Klumperman group at 

Polymer Science, Stellenbosch University, fabricated antimicrobial nanofibers with polymers modified 

by alkyl halides in 2012.23, 24 They modified poly(styrene-co-maleic anhydride) to poly(styrene-co-

maleimide) which was further modified with alkyl halides forming QACs termed poly(styrene-co-[N-

3-(N’-ethyl-N’,N’-dimethylammonium) propyl maleimide]) (SMI-q). The SMI-q was used to fabricate 

nanofibers which they used for different purposes where Bshena used it for antimicrobial treatment 

against microbes such as Staphylococcus aureus and Cronje used them for capturing Mycobacterium 

tuberculosis. For this reason, alkyl halides were chosen for the modification of pendant amino 

functionalized PCL to QACs. 

The electrospinning technique was chosen to fabricate scaffolds because it is a versatile yet 

simple method which can produce nanofiber mats from a range of polymers. The nanofibers formed 

through this method have a large surface area to volume ratio which makes it ideal for wound dressing 

application. 

 

1.3 Aim/Objectives 

The main aim of the study was to fabricate antimicrobial and biodegradable nanofiber mats using PCL 

and evaluate them for antimicrobial activity and biodegradability. To achieve this goal, the following 

objectives had to be fulfilled. 

1. Synthesize the monomer, γ-(carbamic acid benzyl ester)-ε-caprolactone, then copolymerize this 

monomer with caprolactone forming an amino functionalized polycaprolactone. 

2. Attach an antimicrobial moiety to the synthesized poly(CL-co-ACL). 
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3. Characterize the polymer, using 1H-NMR, 13C-NMR, GPC, FTIR etc 

4. Electrospin the copolymer to obtain nanofibers. 

5. Characterize antimicrobial nanofibers  

6. Evaluate the scaffold materials for biodegradation  

1.4 Thesis outline 

Chapter 1: The first chapter provides a general introduction to the study. It includes discussion of 

the biodegradability of PCL and its use in biomedical applications. Motivation for the study, as well as 

the overall aim and specific objectives are included. 

Chapter 2: Chapter 2 presents a review of literature related to this study. It comprises a background 

to polyesters, their synthesis via various techniques, and their biodegradability. The applications of these 

types of polymers, including PCL, especially in the biomedical field, are described. As these 

polymers/copolymers are typically used in the form of nanofibers, their production by electrospinning 

is discussed in detail, with emphasis on the parameters that affect the electrospinning process. 

Chapter 3: In Chapter 3, the experimental procedures used for the preparation and characterization 

of poly(ε-caprolactone-co-γ-amino-ε-caprolactone) and the chemical modification of copolymers 

towards antimicrobial polymers are outlined.  

Chapter 4: Chapter 4 describes experimental details pertaining the fabrication of nanofiber mats 

through electrospinning and then characterization of the nanofibers. 

Chapter 5: The antimicrobial and biodegradability studies carried out on the antimicrobial 

caprolactone based scaffolds that were prepared are now described. Antimicrobial evaluation was done 

using Gram positive (G+) bacteria (Staphylococcus sp) and Gram negative bacteria (G-) (Pseudomonas 

sp). Studies on the biodegradability of nanofiber mats (prepared as described in Chapter 4) are also 

described here. Weight loss measurements and SEM were used to monitor the degradation process. 

Chapter 6: Conclusions drawn from the results of this study and recommendations for subsequent 

research work are presented in the final chapter.
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Chapter 2 : Literature review 

2.0 Summary 

In this chapter, the class of polymers known as polyesters is introduced. The synthetic routes to access 

them are presented, together with some possible difficulties associated with their synthesis. Furthermore, 

the properties of interest, including biodegradability, covalent substitution, and grafting of polylysine 

are discussed in detail. 

2.1 Introduction 

Polyesters are polymers whereby the monomer units are linked by means of ester groups.1 They can be 

classified according to their origin or according to the molecular structure of the polymers. They can 

either be classified as natural or synthetic,2 or classified as aliphatic, semi-aromatic or aromatic 

depending on the composition of the backbone.3 For example, polyhydroxybutyrate is derived from 

bacteria, hence it is a natural polyester,2 while poly(ethylene terephthalate) is an example of a synthetic 

polyester. It is worth mentioning that the polymer can be aliphatic and synthetic such as 

polycaprolactone. Table 2.1 presents some common examples within the different classes. 

Table 2.1: Classification of polyesters. 

Polyester class Examples References 

Aliphatic 

polyesters 

Polycaprolactone (PCL) 

Poly(ethylene adipate) (PEA) 

Poly(glycolic acid) (PGA) 

Polyhydroxybutyrate (PHB) 

Poly(lactic acid) (PLA)  

Bosworth and Downes1 

Semi aromatic 

polyesters 

Poly(butylene terephthalate) (PBT) 

Poly(ethylene naphthalate) (PEN) 

Poly(ethylene terephthalate) (PET) 

Poly(trimethylene terephthalate) (PTT) 

Scheirs and Long,2 

Aromatic 

polyesters  

The polyester of 4-hydroxybenzoic acid 

and  

6-hydroxynaphthalene-2-carboxylic 

acid (liquid crystalline polymers) 

de Leon et al.4 

2.2 Aliphatic polyesters 

Generally, polyesters are represented by the formula (OR(C=O))x, where the R groups differ from 

polymer to polymer hence the polyesters have different properties.3 Of particular interest to this study 
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are the aliphatic polyesters. The pioneering studies of Wallace Carothers in the 1930s led to an increased 

interest on aliphatic polyesters.5 Over the last two decades, interest in aliphatic polyesters has gained 

momentum due to the increasing interest in environmentally friendly (‘green’) materials as well as their 

potential biomedical applications. The aliphatic ester linkage undergoes hydrolytic degradation3,6 which 

can be accelerated by enzymes which are found both in nature and in human physiological conditions. 

Table 2.2 presented some of the common polyesters.3 

Table 2.2: The common aliphatic polyesters, their acronyms, and chemical structures adapted 

from Zhang.3  

 

Stellenbosch University https://scholar.sun.ac.za



Chapter 2  

 

8 

2.2.1 Synthesis of aliphatic polyesters 

There are two main mechanisms by which polymers, including polyesters, are synthesized: chain growth 

(addition or living) or step growth polymerization.3,7 Traditionally, polyesters are synthesized via 

polycondensation using various reagents such as the reaction of diols and a diacid or hydroxy acids or 

the derivative of an acid.3,8 The two mechanisms differ in two regards, specifically, in the starting 

materials and the way in which the polymer size increases. In step growth polymerization, the reactants 

are primarily monomers. Two monomers reacts producing a dimer, the dimer then reacts with either a 

monomer or a dimer, trimer, etc.; leading to a stepwise formation of polymers 5,7,8 as demonstrated in 

Scheme 2.1. However, in chain growth polymerization, an initiator is required as a starting material, in 

addition to the monomer(s). The initiator generates a reactive center, which can either be a free radical, 

anion, or cation (Scheme 2.2). Furthermore, step growth polymerization is a slow reaction since 

monomers react with each other forming dimers and dimers react forming oligomers. The oligomers 

then react with each other, forming the desired polymer with a certain number of monomer units. In 

chain growth polymerization, on the other hand, the process is initiated by a monomer molecule reacting 

with an initiator containing a reactive center, producing another free radical or cation or anion containing 

the initiator molecule (initiation process). A monomer is then added to the reactive center, which leads 

to the growth of the polymer chain (in a process termed “propagation”); there is no formation of dimers, 

trimers, etc. Termination of the polymerization is then implemented to achieve the desired polymer 

length.5, 7 

 

Scheme 2.1: Reaction of a diol and a diacid to produce a polyester via step growth polymerization 

reproduced from Odian.5 
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Scheme 2.2: Typical chain growth polymerization reaction of ε-caprolactone adapted from Sisson 

et al.9 

The polycondensation polymerization suffers some major drawbacks, however. These include 

the need for high temperatures, a precise stoichiometric balance between reactive acid and hydroxyl 

groups and long reaction durations. Regardless of considering all precautions, this technique presents 

the challenge of giving a poor degree of polymerization. This is because of the occurrence of side 

reactions and volatile monomers, leading to a ratio imbalance of reactants. Polymers with high molecular 

weight (Mn) are recommended to get a product with desirable mechanical. As an alternative to 

polycondensation, ring opening polymerization (ROP) has been employed. It is a good mechanism 

because it yields a high Mn polymer under mild reactions and there are no, or only a few, side reactions. 

For this reason the control of the (Mn) and molar mass dispersity(Ð) is attained.8  

Functional groups are introduced along the polymer chain of polyesters in order to modify their 

properties such as hydrophilicity and the biodegradation rate. This can be attainable in both 

homopolymers and copolymers.8 Post-polymerization and copolymerization of functionalized 

monomers are the two ways of synthesizing functional polyesters.10 The surface of a PCL biomaterial 

can be modified in various ways, including plasma treatment to introduce functional groups or coating 

the surface with materials to enhance cell attachment.11 The problems associated with post 

polymerization modifications include the difficulty of synthesizing block copolymers and side reactions 

taking place such as chain scission and racemization. The polymerization of a functionalized monomer 

is a key to addressing these problems. The functional groups in the monomers are protected prior to 

polymerization and the protecting group is removed after obtaining polymers bearing functional 

groups.10 

2.2.2 Synthesis of poly(hydroxy acids)/polyesters 

Polyesters synthesized from their respective lactones via ROP are termed poly(hydroxy acid)s.12 ROP 

is a chain growth polymerization, whereby a cyclic monomer is polymerized yielding polymers which 

have monomeric units that are either acyclic or comprises of less rings than the cyclic monomer.13 Some 

examples of poly(hydroxy acid)s and their respective monomers are shown in Scheme 2.3. 
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Scheme 2.3: Examples of monomers and their respective poly(hydroxy acid)s reproduced from 

Colwell12 and Wang.14  

2.2.2.1 Initiators/catalysts for the synthesis of poly(hydroxy acid)s 

Thermodynamic factors (the relative stability of the monomer and linear polymer structure) and kinetic 

factors, such as the concentration of reactants, reaction temperature, the physical state of reactants, the 

Stellenbosch University https://scholar.sun.ac.za



Chapter 2  

 

11 

solvent, and the presence of a catalyst determine on the success of the polymerization of cyclic 

monomers.5 On the other hand, the control of ROP is based on the choice of initiators and catalysts. 

Control of the polymerization is crucial because it affects the physical and chemical properties (e.g., 

crystallinity, Mn) of the resulting polymer. Initiators/catalysts that show anionic or coordination insertion 

are ideal for ROP because they afford polymers of high Mn.15 

Labet and Thielemans15 classified catalysts that can be used for the ROP as metal based 

catalysts, enzymes, and organocatalysts. Metal based catalysts can be divided into alkali based catalysts; 

e.g., lithium diisopropylamide; alkaline earth based catalysts e.g., calcium ammoniate; poor metal based 

catalyst, e.g., tin(II)-2-ethylhexanoate (Sn(Oct)2), aluminum triisopropoxide; and transition metal based 

catalysts, e.g., zinc oxide.15. Yan et al.16 used Sn(Oct)2 as a catalyst to synthesize PCL bearing amino 

groups.16 Sn(Oct)2 requires a coinitiator (electrophile) which has an active hydrogen, such as an alcohol 

for a successful initiation.15 For that reason, Yan and co-workers used water as an initiator.16 Lipases are 

the most used enzymes for enzymatic polymerization17, such as Novozyme-435.18 Aluminum and tin 

based initiators/catalysts are mostly used. Although aluminum based catalysts demonstrate a high degree 

of control compared to tin based catalysts, the latter is favored because they are considered 

hydrolytically stable and less costly.12 In organocatalysis, a dual activation ROP has been tried using a 

catalyst such as 1,8-diazabicyclo[5.4.0]-undec-7-ene (57) (DBU) and a thiourea as a co-catalyst.19 Other 

catalysts that has been used are N-methyl-1,5,7-triazabicyclo[4.4.0]dec-1-ene (MTBD) and 1,5,7-

triazabicyclo[4.4.0]dec-5-ene (TBD).15 TBD is favored since it can activate both the alcohol and the 

monomer resulting to a highly controlled catalysis. 15, 20 However, the long reaction hours as well as the 

use of  non-environmentally friendly solvents such as toluene, benzene, methanol, THF and DCM has 

been a downfall of the reaction.21  

 

2.3 Polycaprolactone  

PCL was first synthesized by Carother’s group in the 1930s which led to the understanding of the 

synthesis of ε-caprolactone (ε-CL) and PCL5,22 A paper published in 1934 by Van Natta et al. discusses 

the synthesis of ε-CL and PCL. They reported that when ε-CL is heated a polymer is formed.3, 23 Over 

the years, advances in polymer chemistry have led to publications on PCL related work. This was as a 

result of the increasing interest in tissue engineering, in which PCL is employed.6,22 In addition, PCL’s 

rheological and viscoelastic properties makes it easy to use for scaffold fabrication compared to its 

biocompatible counterparts. Thus, it can be used for the synthesis of various scaffolds.22 PCL received 

approval from the FDA to be used as a biomedical material, thereafter 3D scaffolds of different shapes 

and sizes based on PCL have been made.24 
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2.3.1 Properties of polycaprolactone 

PCL is a saturated semi-crystalline polymer due to its regular structure.9,25 The crystallinity is reduced 

with increasing Mn due to chain folding.9 PCL is an aliphatic polyester that is biodegradable and 

biocompatible.3,26,27 It has five repeating nonpolar methylene groups (-CH2) in its molecular structure.9, 

27 Since PCL has a low Tg, it is a flexible biopolymer, and it is easy to work with.27-28 The 

physicochemical properties of PCL are summarized in Table 2.3. 

 

Table 2.3: Physicochemical properties of polycaprolactone 

Properties  References 

Thermal properties Tg = -65 to -61 °C 

Tm  = 59-64 °C 

Zhang3, Azimi et al.26 

Lam Xu Fu27 

Solubility Soluble: chloroform, dichloromethane, 

cyclohexanone, tetrahydrofuran, 2-nitropropane, 

benzene, and toluene 

Partially soluble in: 2-butanone, ethyl acetate, 

acetone, acetronitrile and N,N-

dimethylformamide  

Insoluble in: petroleum ether, diethyl ether and 

alcohols 

Azimi et al.26 

Mondal et al.11 

Mechanical 

properties 

Surface tension: 51 mN/m  

Water permeability: 177 g/m2/day 

Density: 1.11 g/mL 

Modulus: 190 MPa 

Tensile stress: 4 MPa 

 

Tensile strength: 16 MPa 

Tensile modulus: 400 MPa 

Young’s modulus: 3.7-5.2 MPa 

Mondal et al.11 

 

 

 

 

 

Lam Xu Fu27 

 

Croisier et al.29 

2.3.2 Synthesis of polycaprolactone 

PCL can be synthesized either via polycondensation polymerization or chain growth (addition or living) 

polymerization.30 The choice of the mechanism affects the end group, molar mass dispersity and 

chemical structure of the targeted copolymers.26 The most common synthetic route is the ROP, which is 

a chain growth polymerization.11 
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2.3.2.1 Radical polymerization and polycondensation 

PCL can be synthesized via the free radical polymerization of 2-methylene-1,3-dioxepane at high 

temperatures. 31 However, in polycondensation, a hydroxy acid is polymerized as illustrated in Scheme 

2.4. This method’s shortcoming is the low degree of polymerization hence obtaining low Mn polymers.30 

Thus, it is not a widely reported mechanism for PCL synthesis. 

 

Scheme 2.4: Direct condensation of a diacid and anionic polymerization of ε-caprolactone as 

reproduced from Sisson et al.9 

2.3.2.2 Enzyme catalyzed ε-caprolactone polymerization 

Enzymes can be used as catalysts in the ROP of ε-caprolactone. The use of enzymes is 

considered environmentally friendly (green),17, 32 because the polymerization  conditions are mild with 

little or no toxic reagents.30,33 The enzyme can be separated easily from the reaction mixture.33 The 

regioselectivity and stereoselectivity of enzymes makes it possible to synthesize functional polyesters.30  

Lipases have been widely utilized in catalysis in the ROP of cyclic monomers such as lactides, 

lactones and carbonates. Candida antarctica lipase is a common enzyme that is used for enzymatic 

polymerization. The immobilized form of the enzyme (Novozyme-435) is very effective in the catalysis 

of the ROP of lactones.17, 32, 34 Other enzymes that can be used in the synthesis of PCL are lipases from 

Pseudomonas fluorescens, Pseudomonas cepacia, Candida cylindracea, Porcine pancreas, Rhizopus 

japonicus etc.17 

As illustrated in Scheme 2.5, during the reaction, the lipase and lactone react affording an 

enzyme activated hydroxy acid, which then reacts with water to form a hydroxy acid. The hydroxy acid 

and an enzyme activated hydroxy acid react to initiate polymerization. The polymerization propagates 

by the nucleophilic attack of the hydroxyl end group of the enzyme activated hydroxy acid.5 
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Scheme 2.5: The mechanism of enzymatic ring opening polymerization as reproduced from Labet 

and Thielemans.15 

The downside of the enzymatic polymerization is the synthesis of polymers with low Mn
30 and 

the lack of control of the reaction, especially at high conversions. Intramolecular transesterification can 

also take place, leading to cyclic moieties. Therefore, enzyme catalyzed ROP is not recommended if Mn 

control is desired.32 

2.3.2.3 Anionic, cationic, or coordination–insertion polymerization of ε-

caprolactone 

PCL can be synthesized via the ROP of lactones via cationic, anionic, and coordination reactions. 

Anionic ROP begins when anionic species are formed. After which they attack the carbonyl carbon of 

ε-CL. The ε-CL is then opened forming an alkoxide (Scheme 2.6). The downfall of the reaction is that 

it enables intramolecular transesterification reaction (backbiting), as a result low Mn or cyclic polymers 

are produced. 2,15 On the other hand, in cationic ROP cationic species are produced instead. The carbonyl 

oxygen of ε-CL then attacks the cationic species via nucleophilic substitution substitution (SN2) 

mechanism.15 

 

Scheme 2.6: Anionic polymerization of ε-caprolactone as reproduced from Sisson et al. 9 

Coordination–insertion mechanism is widely used for the synthesis of PCL.15, 30 The monomer 

is coordinated to the catalyst. Thereafter, the monomer is inserted to the catalyst’s metal-oxygen bond. 

As the reaction proceeds the growing chain is connected to the metal through the alkoxide bond15 as 

demonstrated in Schemes 2.7 and 2.8. The ROP of ε-caprolactone is mainly catalyzed by Sn(Oct)2, or 
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stannic chloride dihydrate. Sn(Oct)2 is less toxic than other organotin compounds, as a result it has been 

approved for use by the Food and Drug Administration (FDA) organization.12 Low Mn alcohols, such as 

benzyl alcohol, methanol, etc., are used as initiators to control the Mn of the polymer.26 Other catalysts 

that can be used in ROP are based on metal alkoxides of zinc, iron, magnesium, zirconium, and titanium 

complexes,35 and aluminum based catalysts.9,35 Block copolymers can be synthesized via this method. 

However, this method attracts side reactions, such as transesterification.30 The Mn of the synthesized 

PCL can reach 80 000 Da.26 Functional groups can be added to enhance the polymers’ hydrophilicity, 

adhesiveness, biocompatibility,22 biodegradation, crystallinity, and mechanical properties.36 Functional 

groups are introduced to polymers mainly for the improvement of the hydrophilicity which in turn 

enhances the biodegradation rate of the polymer.30 The pendant functionalities can also be used for the 

conjugation of biomolecules and fluorescent probes.36 

Among the polyesters, PCL, with various architectures, can be synthesized due to the ease of 

its substitution with functional groups. This can be attained by the ROP of substituted monomers or via 

post-polymerization modification.37 During synthesis, if the pendant groups are not compatible with the 

catalyst, there is a need for prior protection of the functionalities to avoid loss during polymerization, 

followed by deprotection after a successful polymerization.36 ROP is considered the best method for the 

synthesis of PCL because leaving groups are not produced, hence nothing hinders the monomer 

conversion.34 ROP is affected mainly by the monomer/initiator ratio, the polymerization technique 

(melt, with solvent or bulk), initiator, type and concentration of catalyst, stirring speed, and impurities.38 

 

 

Scheme 2.7: Coordination–insertion polymerization using aluminium triisopropoxide reproduced 

from Sisson et al.9 
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Scheme 2.8: Coordination–insertion polymerization using tin(II) 2-ethylhexanoate reproduced 

from Sisson et al. 9 

2.3.2.4 Polycaprolactone transesterification  

During the ROP of ε-caprolactone, intermolecular (Scheme 2.9a) and intramolecular (Scheme 2.9b) 

transesterifications, also known as backbiting, may occur. Transesterification occurs mainly during the 

later stages of the polymerization at higher temperatures resulting in high molar mass dispersity and loss 

of control of the polymerization.15,39 

In intramolecular transesterification polymers are degraded and cyclic oligomers formed. 

Intermolecular transesterification on the other hand affects the arrangements of polymer segment. Other 

factors that influence transesterification are; the catalyst, end groups of the polymer, solvent type, 

duration of synthesis, and the reactivity of the monomers.39 
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Scheme 2.9: Schematic diagram depicting transesterification reactions reproduced from Labet 

and Thielemans: a) intermolecular and b) intramolecular transesterification of polycaprolactone 

(PCL) during polymerization.15 

2.4 Biodegradability and biocompatibility of polycaprolactone 

PCL completely degrades into nontoxic byproducts. It has a slow degradation rate since it is semi 

crystalline40 PCL can be degraded in river, sewage sludge, lake waters, farm soil, paddy soil, compost8, 

41 and creek sediments.8 The mechanism of biodegradation is affected by wind, moisture level, 

microorganisms (bacteria/fungi), temperature, and pH,42 which implies that chemical composition is not 

the sole determining factor in polymer biodegradability.3 

 The Mn and the chemical structure of the polymer has a direct impact on the hydrolytic 

degradation rate.22, 42 Random chain scissions occur first via hydrolytic cleavage at the backbone, which 

leads to the formation of short chains/oligomers and hydroxyhexanoic acid.43 The degradation occurs at 

the amorphous bulk of the biomaterial due to the loose structural packaging of the polymer, exposing 

ester bonds for hydrolysis. This degradation is dependent on the water absorption capability of the 

biomaterial to permit hydrolysis, hence crystallinity is a factor.43, 44 Since PCL is semi crystalline and 

PCL chains contain hydrophobic moieties (–CH2), it tends to degrade slowly under physiological 

conditions (up to 24 months).22,43,45 The use of PCL derivatives having hydroxyl, ketone, amine, imine, 

azide, and carboxylic functionalities is recommended to increase the polymer hydrophilicity, thus 

increasing its biodegradation rate.22,45 The functional group available on the backbone of the chain of 

the polymer determines the rate of water absorption, which in turn affects the rate of degradation.44 

The hydrolytic degradation of PCL is illustrated in Scheme 2.10. PCL first absorbs water, hence 

hydrating the molecular chains. The polymer the degrades forming intermediates which by further 

hydrolysis they form hydroxyacids. When the polymer comprises >50 wt % aromatic functionalities, 

biodegradation is suppressed whereas when it has functional groups such as carboxylic, hydroxyl and 

amino groups the biodegradation is increased.46 
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Scheme 2.10: Hydrolytic degradation of a polycaprolactone adapted from Sánchez-González et al. 

6 and Bosworth and Downes.44 

After hydrolytic degradation, the polymer is prone to fragmentation and enzymatic 

degradation.33 PCL can be degraded by lipases. The enzymes attack the polymer at the ester bond and 

cleave it.44 In enzymatic degradation, the degradation occurs on the surface of the polymer.39,40 

Enzymatic biodegradation of aliphatic polyesters does not depend only on the hydrophobicity/ 

hydrophilicity of the polymer but also on the morphology of the polymer. It has been reported that 

aliphatic copolyesters degrade faster than homopolyesters. According to Montaudo and Rizzarelli,47 the 

rate of enzymatic degradation increases as the crystallinity of the polymer is decreased, the structural 

changes in the arrangement of the repeat units of the copolymers affect the rate of enzymatic degradation 

and the Mn does not change the rate of degradation.47 

Enzymatic degradation depends on the polymer composition and crystallinity and the enzyme 

used. Usually, enzymatic degradation is completed within 12 days, yielding ε-hydroxy caproic acid.43 

Dash and Konkimalla48 reported that pristine PCL will degrade completely within 3–4 weeks.48 Gan et 

al.49 studied the degradation rate of PCL films by immersing them in a phosphate buffer solution (PBS) 

containing lipases. Three kinds of lipases were used, and these are lipases from Porcine pancreatic, 

Pseudomonas and Candida cylindrecea. They concluded that PCL films in PBS could degrade 

completely within 4 days. Furthermore, the degradation occurred both at the amorphous region of the 

material and the crystalline region.49 Indications were therefore that the enzymes accelerate the rate of 

PCL degradation. In a follow-up study, Gan et al.50 carried out a similar study on PCL/poly(DL-lactide) 

blends and found the following. After 4 days, the degradation rate was slow only the PCL had degraded, 

and the residual was the poly(DL-lactide).50 This led to the important conclusion that if a completely 

biodegradable material is required then all the polymers in the blend should be biodegradable.  

Seyednejad10 also conducted an in vitro enzymatic degradation study of a PCL and 

poly(hydroxymethylglycolide-co--caprolactone) (PHMGCL) scaffolds.10 Their biodegradation study 

was conducted in PBS that contained sodium azide (NaN3), which is a bacterial growth inhibitor. PCL 

and PHMGCL were investigated in aqueous solutions of an enzyme secreted from macrophages (lipase). 

They found that PHMGCL degraded faster than PCL. PHMGCL degraded completely after 50 h and 

PCL degraded completely after 72 h.
10 These findings indicate that hydrophilic pendant groups help in 

increasing the rate of degradation. They also concluded that when the concentration of the enzyme is 

Stellenbosch University https://scholar.sun.ac.za



Chapter 2  

 

19 

increased the rate of degradation also increases,10 which emphasizes the fact that the concentration of 

the enzyme influences the degradation rate. The results are summarized in Figure 2.1. The degradation 

was also followed by scanning electron microscopy (SEM) analysis, at various intervals. See Figure 

2.2. 

 

Figure 2.1: Degradation of PCL and PHMGCL reproduced from Seyednejad.10 

 

 

Figure 2.2: Typical PCL enzymatic degradation SEM micrograph reproduced from Bosworth and 

Downes.44 
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2.5 Scaffolds and their fabrication  

Scaffolds are polymeric porous structures with a specific shape48 such as sponge-like foams, films, gels, 

and three dimensional structures.27 The porosity of the scaffold plays a key role in its application by 

absorbing wound exudates. The surface of the scaffold should be biocompatible.12 The scaffolds are 

used for structural support and as a carrier for biological moieties which helps speed up tissue 

growth/healing and prevention of infections.48 Scaffolds can be prepared in several ways such as 3D 

printing, phase separation, solvent casting, electrospinning,25 melt blowing, and templating.51 

Electrospinning has been widely used to fabricate fibrous scaffolds25 and it has been established to be 

the best technique for the synthesis of ultrafine nanofibers.51 

2.6 The electrospinning technique 

Electrospinning is a process that produces fibers from polymeric solutions using an electric field at high 

voltages52,53 The ES technique was first observed in 1897 by Rayleigh,52 who referred to it as 

electrostatic spinning.52,53 Electrospinning was initially not considered a reliable technique because it 

was not easy to retrieve fibers from the collector.52 However, today, it is successfully used for the 

fabrication of nanomaterials such as nanofibers, nanotubes, nanorods, etc. Poly(hydroxy acid)s, for 

example poly(glycolic acid) (PGA), PCL, poly(lactic acid) (PLA), are the commonly used biopolymers 

for the production of fibers for biomedical applications.40 

Most polymers are electrospinnable. A polymer solution can be electrospun if it can carry an 

electric charge for it to form a Taylor cone as it travels from the needle tip to the collector.51 A schematic 

illustration of a representative electrospinning system is shown in Figure 2.3. There are crucial 

components for electrospinning, they are the syringe with a needle, power supplier, syringe pump and a 

collector51, 54 which can be stationary or rotating.55  

Several alternatives have been proposed with the intention of reducing the exposure of operators 

to toxic solvents during electrospinning.56 It is done in a chamber (fume hood) with sufficient ventilation 

to allow the escape of gaseous solvents.51 During electrospinning, a polymer solution or blend is loaded 

into a syringe. A syringe pump forces the solution out of the syringe through a needle and high 

electrostatic forces are induced by a power supply.57 The electrified solution forms a cone referred to as 

a Taylor cone as it moves from the tip of the needle to the collector.51, 58 It is referred to as the Taylor 

cone since it was first studied by Taylor.52 The Taylor cone is formed by the deformation of the spherical 

drop at the tip of the needle by the electrostatic forces, forming a jet.59 The travelling of the jet promotes 

the evaporation of the solvent from solution forming nanofibers.51, 60 The traveling jet is stable at the tip 

of the needle, after that it becomes unstable due to the charges induced from the metallic needle.52, 54 

This results in the collection of nanofibers on a larger surface area.52 The fibers are deposited on a 

collector,51, 57 and collected as nonwoven nanofibers.56 The fibers are collected as either randomly 

oriented and or parallel to each other. Parallel fibers are usually obtained from a rotating collector and 
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the randomly oriented nanofibers are collected from a stationary collector. In addition, the nanofibers 

could be collected across a gap between two parallel plates which forces them to align perpendicular to 

the plates.55 

Electrospinning is the straightforward technique of generating nanometer to micrometer fibrous 

structures. Nanofibers attained from electrospinning are considered more oriented and more porous 

compared to nanofibers attained from other methods such as solution phase growth, self-assembly, etc.61 

Wang et al.62 reported that PCL fibers obtained by electrospinning had a lower degree of crystallinity 

than that of pellets, indicating that the electrospinning process has an effect on the polymer 

crystallinity.62  

 

Figure 2.3: A typical electrospinning set up reproduced from Sarabi-Maneji et al.63 

2.7 Parameters affecting the electrospinning process 

The electrospinning process is controlled by many parameters, and they are classified into three 

categories. All these parameters determines the fiber morphology (thickness, pore size, surface 

roughness) and fiber orientation.53 The fiber morphology, fiber diameter, and arrangement of fibers, are 

fully dependent on the electrospinning parameters. These three categories are solution parameters, 

ambient parameters and the processing parameters. Solution parameters comprise of the solution 

viscosity and concentration, polymer Mn, surface tension, and electrical conductivity. The processing 

parameters include the flow rate, tip to collector distance, electric field strength, needle shape, and 

collector composition and collector geometry. Ambient parameters are temperature, humidity, and 

airflow.51 

2.8 Applications of polycaprolactone and polycaprolactone nanofibers 

In recent years PCL has attracted much attention and has shown great potential in biomedical 

applications.5 It has been combined with osteoconductive ceramics such as calcium alginate and 

magnesium phosphate to fabricate bone scaffolds. It can also be used for vascular grafts and drug 

delivery due to its high permeability and its low Tg.25 Since PCL is biodegradable, it has also found 
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application in packaging. It can be degraded by microorganisms, even though it degrades at a slower 

rate than its counterparts such as PLA, PGA and poly(lactic acid-co-glycolic acid).25 This is beneficial, 

as it means that such packaged goods remain in good condition for long/longer periods. PCL has been 

used as a film in the dressing of cutaneous wounds.22 It has been studied by several researchers, such as 

Dubský et al.64 who made electrospun membranes for use as wound dressings, the efficiency of which 

was tested in rats.64 

Nanofibers have found application in many fields as demonstrated in Figure 2.4 especially for 

biomedical applications which is the focus of this study. It has approval by the FDA for use in biomedical 

applications. It can be used for the synthesis of wound dressings, sutures, and sutures components.65 

Nanofibers fabricated from aliphatic polyesters such as PCL, PLA, and polycarbonates, are 

biodegradable and biocompatible.26 PCL’s biodegradability is an additional benefit because it minimizes 

accumulation of waste in the environment. Furthermore, PCL has high thermal stability, it is easy to 

work with, and it can be produced at a low cost.26 

 

Figure 2.4: Applications of polymer nanofibers illustration reproduced from 

Mohammadzadehmoghadam.51 
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2.9 Wound dressing 

A wound dressing is a protective barrier that protects a wound from foreign influences.66 A wound 

undergoes several stages in the healing process. These are homeostasis, inflammation, proliferation, and 

remodeling (maturation). A wound dressing is required to ensure that these stages take place 

successfully.54, 66  

Depending on the manner of treatment, wound dressings are categorized into four main groups: 

interactive, passive, advanced, bioactive dressings. Interactive wound dressings are made of polymeric 

foams or films. They allow gaseous exchange while keeping the wound bed moist. Passive dressings 

protect the wound from mechanical trauma and bacteria. However, since they are dry, they do not keep 

the wound bed moist. They also adhere to the wound, causing mechanical trauma and pain when 

removed. Advanced dressings such as hydrocolloids and alginates keep the wound moist, accelerating 

the healing process on the other hand bioactive dressings include dressings that are used for skin 

substituents and drug delivery, and they play a key role in activating cellular responses.67 

For wound healing, an ideal wound dressing should speed up the healing process. This can be 

achieved by preventing infection, while structure and function of the skin is restored.  Primarily, an ideal 

dressing should absorb exudates from the wound bed, protect the wound from mechanical trauma, allow 

gaseous exchange, be biocompatible, and above all be antimicrobial.53, 67 Furthermore, the scaffold 

should be cost effective.53 

Also, according to the material they are made of dressings can be classified, therefore. Wound 

dressings can be termed gauze, foams, films, hydrogels, hydrocolloids, etc. A gauze is affordable and 

hence it is the most widely used dressing for covering wounds. Hydrogels and foams can adsorb minimal 

exudates and they need to be applied often to maintain moisture. All these dressings provide the moist 

environment that is required for wound dressings; however, they are not sufficiently effective for severe 

wounds.66 

The traditional wound dressings such as polysaccharides, proteins,68 honey pastes, animal fats, 

and plant fibers have side effects such as immune reactions.66,69 Synthetic polymers that can be used for 

wound dressing such as PCL, poly(vinyl alcohol) and PLA are a solution to the immunogenicity 

problem, hence they are used for the synthesis of bioactive dressings.68 

 Wound dressing materials which are produced through electrospinning are regarded better than 

conventionally produced dressing.54, 69 electrospun wound dressing have high surface area, semi 

permeability, and absorbability. Hydrophilic polymers that are used for nanofiber dressing’s production 

enhance exudate absorption more efficiently and allow cell respiration while preventing dehydration of 

the wound.69 
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2.10 Antimicrobial agents 

Microbial contamination is almost unavoidable, especially in the medical sector, 70 for that reason 

antimicrobial resistance is a major clinical concern. Microorganisms such as bacteria contaminate 

wound dressings. The need for manufacturing of non-leaching materials to combat antimicrobial 

resistance cannot be overstated.71,72 

Currently, commercially available products to fight against microbial infections include 

disinfectants, antiseptics, and antibiotics. There is however an increasing number of new strains that are 

resistant to these antimicrobial agents. This creates an enormous challenge in the fight against microbial 

infections.70 Antimicrobial scaffolds make it possible to systematically or directly deliver the 

antimicrobial agent to the infected site. This method has been adapted to wound dressings therefore 

lower concentrations of antibiotics are required.73 Thus, preventing the colonization of microorganism 

directly on the infected area.70, 72 The success of the antimicrobial material depends on its 

hydrophobicity/hydrophilicity. Biomaterials are used as antimicrobial materials if they possess 

antimicrobial properties.72 

Various strategies are employed to achieve an antimicrobial nanofiber membrane/wound 

dressing. Modification of fibers includes the introduction of salts like quaternary ammonium71 or 

phosphonium salts since they are known to be antimicrobial.70, 72 They can be introduced into polymers 

to make the polymers antimicrobial, hence preventing antimicrobial resistance.71, 74 Polycations with 

phosphonium groups and quaternary ammonium are widely studied antibacterial polymers.70, 72 The 

antibacterial mechanism starts by the positively charged polymer interaction with either the outer 

membrane of Gram-negative bacteria or the cytoplasmic membrane of Gram-positive bacteria leading 

to the disruption of the membrane and resulting in the leakage of organelles, hence killing the bacteria.14, 

75 

Antimicrobial biomaterials can also be produced by “impregnation” of the polymer with 

antibiotics71 or inorganic, organic and metallic compounds,66 or functionalizing the polymer with 

antimicrobial moieties.71 The process of incorporation of antimicrobial agents during electrospinning 

can be done using various strategies, as illustrated in Figure 2.5. These strategies include blending, core-

shell electrospinning, encapsulation, posttreatment, attachment (post immobilization),54 and emulsion 

electrospinning. In blend electrospinning, both the polymer solution and the antimicrobial agent solution 

are blended before electrospinning. On the other hand, the drug solution is poured into an immiscible 

polymer solution before spinning in emulsion electrospinning.76 In co-axial electrospinning, the polymer 

solutions with the antimicrobial agent are injected from different syringes into co-axial needles,76 

therefore, one solution leads to the formation of the core of the nanofiber and the other covering the core 

forming the sheath.77 Lastly, in post immobilization, the nanofiber mat is electrospun before 

chemical/physical attachment of the bioactive agent.76 This is done by submerging the nanofiber mat 
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into a solution with desired functionalities, or chemically modifying the surfaces of the fibers with 

desired moieties.66 

 

Figure 2.5: Schematic illustration of strategies used to incorporate bioactive agents in/onto a 

nanofiber reproduced from Zong et al.73 and Wang and Windbergs75 : (A) blend, (B) emulsion, 

(C) co-axial, and (D) post modification electrospinning.73,75 

2.11 Conclusion 

The biodegradability and biocompatibility nature of PCL opens numerous avenues to enormous 

potential in the medical industry. Modification of PCL is a promising field in the medical application to 

yield functional scaffolds such as bone scaffolds, drug delivery, wound dressings. The installation of 

functional groups on the polymer backbone can be used to attach biological moieties. Antimicrobial 

moieties can be attached onto the polymer backbone to create an effective barrier against bacterial 

infection for topical therapy. The use of polymers containing antimicrobial moieties in wound dressing 

production is another promising approach to avoid bacterial infection on wounds. The use of 

biocompatible polymer in wound dressings will not only reduce toxicity, but its biodegradable property 
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would eliminate waste accumulation in the landfill. There is therefore a necessity to further investigate 

the synthesis and application of modified PCL.  
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Chapter 3 : Synthesis, copolymerization, and characterization of 

γ-(carbamic acid benzyl ester)-ε-caprolactone 

3.0 Introduction and objectives 

Polycaprolactone (PCL) is used in several biomedical applications,1 for instance in sutures, tissue 

engineering, wound dressings, and in drug delivery.2,3 The drawback of using PCL in biomedical 

applications is that it lacks pendant functional groups that enable attachment of bioactive compounds.4,5 

Functionalization of polymers enables the attachment of biological substituents, and to tune the 

physicochemical properties of polymers such as the biodegradation rate, hydrophilicity, and biological 

activity.6 Hence, there is an increasing interest in the synthesis of PCL with functional pendant groups. 

Functionalization is achieved by modifying the structure of the repeat unit of the polymer, hence 

improving its hydrophilic properties and permitting the attachment of bioactive agents.4 PCL is regarded 

as functionalized if it has functional groups present along its backbone. Functionalized caprolactone (ε-

CL) undergoes the same polymerizations as pure ε-CL. However, the protection of monomers prior to 

polymerization is usually required to avoid side reactions.7 PCL with pendant groups can be obtained 

either by post-polymerization modification of the repeat unit or by functionalization of the monomer 

prior to polymerization. The first option has serious disadvantages including intermolecular and 

intramolecular side reactions.6 Pre-polymerization functionalization is generally preferred can be 

achieved by modifying the ε-CL monomer prior to polymerization. Some of the functional groups are 

protic, i.e., hydroxyl, carboxyl, and amine functionalities, hence they have to be protected to prevent 

interference in the polymerization process.7 Yan et al.6 synthesized an amino functionalized PCL; by 

first synthesizing an amino-functionalized ε-CL protected by a carboxybenzyl group (Cbz) prior to 

copolymerization with ε-CL. The procedure have been applied to ε-CL functionalized with functional 

groups, such as hydroxyl, carboxylic acid, carbonyl, and vinyl have been used to functionalize PCL.6  

The most common synthetic route towards PCL is the ring opening polymerization.3, 8 The 

polymerization can be catalyzed by various catalysts, such as organometallic compounds, 

organocatalysts,9 or enzymes.10 Examples of frequently used organometallic compounds include tin (II) 

2-ethylhexanoate (Sn(Oct)2) and aluminium isopropoxide (Al(OiPr)3). These catalysts produce 

polymers with tailored molecular weights (Mn) and low molar mass dispersity (Ð).9 

The aim of this part of the study was to synthesize PCL with pendant amine functionalities 

(Figure 3.1) for the attachment of antimicrobial agents. This was accomplished by first synthesizing γ-

(carbamic acid benzyl ester)-ε-caprolactone (γ-CABεCL), a derivative of ε-caprolactone ε-CL bearing 

a Cbz-protected primary amine functionality. Subsequently, γ-CABεCL was copolymerized with ε-CL, 

via ring opening polymerization (ROP), catalyzed by Sn(Oct)2, with an alcohol initiator, to yield  

poly(caprolactone-co-γ-(carbamic acid benzyl ester)-ε-caprolactone) (poly(CL-co-CABCL)), before 
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accessing the primary amines by removing the Cbz protecting groups. Finally, the pendant amine 

functionalities were utilized in two ways: (i) to initiate the grafting from ROP of lysine N-

carboxyanhydride (NCA), and (ii) to introduce antimicrobial quaternary amine functionalities by 

reaction with alkyl halides. 

 

Figure 3.1: Functional PCL backbone. 

3.1 Experimental: Materials 

Trans-4-aminocyclohexanol hydrochloride, (C6H13NO·HCl, 97%), sodium hydrogen carbonate 

(NaHCO3), Jones reagent, magnesium sulfate anhydrous (MgSO4), sodium sulfate anhydrous (Na2SO4), 

m-Chloroperoxybenzoic acid (m-CPBA, ≤77%), tin (II)-2-ethylhexanoate (Sn(Oct)2, 95%), 

ethylenediaminetetraacetic acid (EDTA), triphosgene (C3Cl6O3, 98%), 1-bromododecane, (C12H25Br, 

97%), 1-bromobutane (C4H9Br, 99%), benzyl chloroformate (C8H7ClO2, 97%), trifluoroacetic acid 

(CF3COOH, 99% ), hydrobromic acid solution 33 wt % in acetic acid (33% wt HBr/CH3COOH), benzyl 

alcohol (C6H5CH2OH, 99.8%) copper carbonate basic (Cu2(OH)2CO3, 95%), and polycaprolactone 

(molecular weight 80 kDa) were purchased from Sigma-Aldrich and used without further purification. 

Calcium hydride (CaH2) was purchased from Merck (Pty) Ltd. ε-Caprolactone (ε-CL, 97%) was 

purchased from Sigma-Aldrich. It was purified by drying over CaH2 overnight, followed by distillation 

under reduced pressure. It was then stored over molecular sieves under argon atmosphere and placed in 

a desiccator. The solvents used in synthetic procedures were obtained from Sigma-Aldrich and they 

were distilled as reported in the literature.11 

3.2 Experimental: Synthetic procedures 

3.2.1 Monomer synthesis 

γ-(Carbamic acid benzyl ester)-ε-caprolactone (γ-CABεCL) 4 was prepared in three steps 

(Scheme 3.1). Sodium bicarbonate (5.00 g, 59.52 mmol), trans-4-aminocyclohexanol·hydrochloride 1 

(3.60 g, 23.75 mmol), and distilled deionized (DDI) water (160 mL) were added to a 250 mL 3-neck 

round bottom flask, stirred, and purged with argon gas. Benzyl chloroformate (4.40 mL, 30.82 mmol) 

was then added dropwise, over 10 min, with continuous stirring. The reaction mixture was heated at 45 

°C for 4 h. Thereafter, the mixture was extracted with ethyl acetate and butanol (1:1 v/v) (3  10 mL). 

The organic layer was washed successively with 0.5 M HCl (2  10 mL) and with brine (2  10 mL), 

then dried over Na2SO4 anhydrous and filtered. The solvent was removed on a rotary evaporator, to 
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afford product 2 as white crystals, which were further purified by recrystallization from ethyl acetate 

(25 mL). The final product 2 was obtained in a good yield: 4.81 g, 81%. 

1H NMR (300 MHz, DMSO-d6): δ 7.01-7.41 (CH, 5H), 4.98 (CH2, 2H), 4.50 (NH, 1H), 3.32 (CH, 1H), 

3.21 (CH, 1H), 1.69-1.83 (CH2, 4H) 1.07-1.21 (CH2, 4H) 

Subsequently, 2 (2.00 g, 8.02 mmol) was suspended in acetone (30 mL) and cooled in an ice 

bath at 4 °C. Jones reagent (CrO3 in aq H2SO4) (2.30 mL, 15.07mmol) was added dropwise over 2 min, 

with continuous stirring. The reaction mixture was warmed to room temperature and stirred overnight. 

It was then quenched by the addition of isopropyl alcohol (2.00 mL), followed by stirring for a further 

10 min. The solution was filtered to remove a blue/black residue that had formed, then concentrated. 

The reaction mixture was neutralized using a few drops of NaHCO3 solution. The solution was extracted 

with ethyl acetate (3  10 mL) and the combined organic fractions were washed with concentrated brine 

(3  10 mL), then dried over MgSO4 anhydrous and filtered. The filtrate was concentrated until crystals 

were obtained and then recrystallized from ethyl acetate/hexane (1:1 v/v) (20 mL) yielding product 3 as 

white crystals (1.31 g, 66%). 

1H NMR (300 MHz, DMSO-d6): δ 7.25-7.48 (CH, 5H), 5.03 (CH2, 2H), 3.82 (CH, 1H), 2.21-2.43 (CH2, 

4H), 1.60-2.05 (CH2, 4H)  

Finally, 3 (1.00 g, 4.04 mmol) was dissolved in dichloromethane (DCM) (4 mL), and the 

reaction flask was placed in an ice bath. A suspension of meta-chloroperoxybenzoic acid (m-CPBA) 

(1.02 g, 5.93 mmol) in DCM (10.00 mL) was added dropwise. The mixture was stirred overnight at 

room temperature. This was followed by washing with concentrated solutions of sodium thiosulfate 

(Na2S2O3), sodium bicarbonate (NaHCO3), and sodium chloride (NaCl), respectively (2  10 mL each). 

The combined organic fractions were dried over Na2SO4 anhydrous, filtered and concentrated. The 

crystals obtained were purified by recrystallization from ethyl acetate/hexane (3:2 v/v) (20 mL), to yield 

the product 4 as white crystals (0.83 g, 78%). 

1H NMR (300 MHz, DMSO-d6): δ 7.24-7.48 (CH, 5H), 5.00 (CH2, 2H), 4.21 (CH2, 2H), 3.66 (CH2, 

2H), 2.70 (CH2, 2H) 1.83-2.06 (CH2, 2H), 1.36-1.66 (CH2, 2H) 

 

Scheme 3.1: Schematic procedure for the synthesis of γ-(carbamic acid benzyl ester)-ε-

caprolactone from trans-4-aminohexanol hydrochloride. 
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3.2.2 Polymer synthesis  

There are two main mechanisms through which polymers, including polyesters, can be synthesized: 

chain-growth or step-growth polymerization.12,13,14 The most common synthetic route for PCL is via 

ROP which is a chain growth polymerization.3, 7 During this process, the lactone’s ester bond is cleaved, 

forming an active center where other monomers connect. Several catalysts can be used to speed up the 

ROP of ε-CL. The most common ones are the metal-based catalysts such as Sn(Oct)2
7, 9, 15 and the 

enzyme-based catalysts, e.g. Candida antarctica lipase (CALB).10, 16  

3.2.2.1 Optimization of the polymerization procedure 

The study was focused on the copolymerization of amino-functionalized ε-CL with pure ε-CL. To 

achieve this, the polymerization procedure was optimized using pure ε-CL. ε-CL was first polymerized 

under various conditions of temperature, initiator, etc. The general ROP reaction is demonstrated in 

Scheme 3.2. 

 (a) Polymerization procedure 

The following procedure was followed using either water or benzyl alcohol (BnOH) as initiators at 130 

°C or 110 °C. In this general procedure water is used as an initiator.  

A dry 100 mL pear-shaped Schlenk flask was charged with ε-CL (2.00 g, 17.52 mmol), then 

degassed using a freeze–pump–thaw procedure. The reaction vessel was then heated at 50 °C for 10 

min, with continuous stirring. In a separate flask, a mixture of Sn(Oct2) (8.10 mg, 0.02 mmol), DDI 

water (3.60 mg, 0.20 mmol), and dry toluene (1 mL) was purged with argon and then transferred to the 

reaction flask via a degassed gas-tight syringe. The temperature was then raised to 130 °C and the 

reaction was carried out for 24 h. The polymerization was stopped by cooling the flask. The 

polymerization mixture was dissolved with chloroform (2 mL), precipitated in cold methanol, and dried 

under vacuum for 24 h at 30 °C yielding a white product at 66% yield. 

 

Scheme 3.2: Schematic procedure for the polymerization of ε-CL using tin(II) 2-ethylhexanoate 

as catalyst. 

(b) Novozyme 435 initiated/catalyzed polymerization procedure 

Enzyme catalyzed polymerization was also evaluated for the ε-CL polymerization. Candida antarctica 

lipase (Novozyme-435) was used as a catalyst in the polymerization of ε-CL (Scheme 3.3). The enzyme 

was dried overnight in a desiccator before use. Novozyme 435 (0.10 g), ε-CL (1.00 g) and toluene (2 

mL) were added to a round bottom flask, before sealing the flask with a rubber septum. The mixture 
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was purged with argon for 30 min, before immersing the flask into an oil bath preheated to 70 °C. The 

reaction mixture was stirred for 4 h and terminated by cooling the flask to room temperature and 

dissolved in chloroform (5 mL) and the enzyme was removed by filtration. The polymer solution was 

concentrated and precipitated in cold methanol. The crude product of polymer was dried under vacuum 

at 30 °C for 24 h yielding 58%. 

 

Scheme 3.3: Schematic procedure for the polymerization of ε-CL using Novozyme as a catalyst. 

The success of the optimization procedure was followed by the copolymerization of 

functionalized and nonfunctionalized monomers. This was done using BnOH as the initiator during the 

copolymerization because it showed better results than water and the temperature was kept at 110 °C. 

The benzyl alcohol initiated polymerization was better because it yielded polymers with low molar mass 

dispersity compared to the water initiated polymers at optimized conditions. 

3.2.2.2 Copolymerization  

ε-CL (0.60 g, 5.30 mmol) and γ-carbamic acid benzyl ester-ε-caprolactone (0.16 g, 0.59 mmol) 

(4, Scheme 3.4) were charged into a Schlenk flask and degassed via the freeze–pump–thaw procedure. 

The flask was then placed in an oil bath set at 50 °C while stirring, resulting in a homogenous mixture. 

In a separate Schlenk flask, Sn(Oct2), (0.0090 g, 0.0222 mmol), benzyl alcohol (0.0240 g, 0.2221 mmol) 

in dry toluene (0.5 mL) were purged with argon. The solution was transferred into the reaction flask 

using a degassed gas-tight syringe while purging with argon. The reaction flask was then placed in an 

oil bath set at 110 °C for 24 h with continuous stirring. After polymerization, the reaction was stopped 

by cooling the flask to room temperature. The polymer was dissolved in chloroform, precipitated in cold 

methanol and dried under vacuum for 24 h at 30 °C obtaining a 45% yield of poly(ε-caprolactone-co-γ-

(carbamic acid benzyl ester)-ε-caprolactone (poly(CL-co-CABCL)). 

 

Deprotection of copolymer 

The Cbz protecting groups in poly(CL-co-CABCL) was removed via acidolysis with 33% HBr 

in glacial acetic acid (Scheme 3.4). The poly(CL-co-CABCL) (0.45 g) was dissolved in 5 mL DCM in 

a round bottom flask. The flask was placed in an ice-water bath, and 1 mL TFA was added followed by 

dropwise addition of 3 mL of 33% HBr solution in glacial acetic acid and the mixture was stirred 

vigorously for 1.5 h. The solution was then concentrated removing the solvent and the residue was then 

dissolved in 5 mL DMF and precipitated in cold diethyl ether attaining poly(ε-caprolactone-co-γ-amino-
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ε-caprolactone) (poly(CL-co-ACL). The white precipitate (6) was dried under vacuum at 30 °C 

overnight. 

After successful deprotection, the polymer was dissolved in 2 mL DMF and treated with 1 mL 

triethylamine for 2 h at room temperature. The mixture was then dialyzed against water for 24 h with 

frequent water exchange. The polymer was dried overnight yielding 62 %. 

 

 

Scheme 3.4: Schematic procedure for the copolymerization of amino-functionalized ε-CL and 

pure ε-CL. 

3.2.2.3 Polymer modification: Grafting of polylysine from poly(ε-

caprolactone-co-γ-amino-ε-caprolactone) and quaternization of poly(ε-

caprolactone-co-γ-amino-ε-caprolactone) 

In this study, antimicrobial activity was induced via the grafting of polylysine (PL) from the PCL 

backbone through covalent bonding as well as through the quaternization of PCL using tertiary 

ammonium species, e.g., alkyl halides.  

 (a) Synthesis of L-lysine N-carboxyanhydride  

L-Lysine hydrochloride (16.00 g, 109.45 mmol) was dissolved in DDI water (150 mL) and basic copper 

carbonate (18.50 g, 83.67 mmol) was added to the solution. The reaction mixture was heated under 

reflux for 1.5 h at 100 °C. The mixture was then cooled to room temperature and filtered. A solution of 

2 M KOH (100 mL) was added to the filtrate (copper lysinate) (1) in Scheme 3.5 and the mixture was 

cooled in an ice bath.  

The copper lysinate was protected with carboxybenzyl (Cbz). To achieve this, a solution of 

benzyl chloroformate (Cbz-Cl) (8.4 mL, 58.62 mmol), dissolved in THF (75 mL), was added to copper 

lysinate slowly using a dropping funnel. Thereafter, the temperature was increased to 45 °C and the 

reaction was run overnight. THF was then removed using a rotary evaporator and the blue precipitate 

(Cbz-protected copper lysinate) (2) was washed with DDI water (100 mL). The copper ions (Cu2+) were 

removed from Cbz-protected copper lysinate using EDTA forming a copper free N-ε-
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benzyloxycarbonyl-L-lysine (Z-L-lysine, 3). Cbz-protected copper lysinate 2 was washed with EDTA 

(11.00 g, 37.60 mmol) and sodium bicarbonate (NaHCO3), (5.00 g, 59.52 mmol) in DDI water (150 

mL). The solution was added to the mixture (Cbz-protected copper lysinate, 2) and heated to 60 °C for 

1 h while stirring and then cooled and filtered through suction. The purification procedure was done 

several times until the solid color changed from blue to white. The white solid (Z-L-lysine, 3) was dried 

under vacuum at room temperature overnight and got a yield of 84 %. 

1H NMR (600 MHz, D2O + TFA): δ 7.24-7.26 (C6H5, 5H), 5.00 (OCOCH2, 2H), 3.98 

(CH2CH2CH2CH2CH, 1 H), 3.06 (CONHCH2, 2H, 2H), 1.78-1.98 (CONHCH2CH2CH2CH2, 2H), 1.29-

1.52 (CONHCH2CH2CH2, 4H). 

For the synthesis of N-carboxyanhydride-L-lysine (NCA-lysine (4)), Z-L-lysine 3, (1.00 g, 3.57 

mmol) and triphosgene (C3Cl6O3) (0.47 g, 1.61 mmol) were added to different Schlenk flasks and dried 

under vacuum in a desiccator overnight. Thereafter, Z-L-lysine was dissolved in dry THF (20 mL) whilst 

triphosgene was dissolved in THF (10 mL). Both flasks were purged with argon for 20 min. The 

triphosgene/THF solution was added to the Z-L-lysine/THF solution flask using a degassed gas-tight 

syringe. A slurry formed as the triphosgene solution was introduced. The reaction mixture was stirred 

continuously and vigorously at 50 °C for 1.5 h. The NCA was later precipitated in dry heptane and kept 

in a freezer overnight. The precipitate was isolated by filtration and dried under vacuum overnight at 30 

°C, yielding a 63%) 

1H NMR (300 MHz, DMSO-d6): δ 9.07 (OCONH, 2H), 7.18-7.45 (C6H5, 5H), 5.0 (OCOCH2, 2H), 4.43 

(CH2CH2CH2CH2CH, 1H), 2.98 (CONHCH2, 2H), 1.18-1.82 (CONHCH2CH2CH2CH2, 6H). 
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Scheme 3.5: Schematic procedure for the synthesis of L-lysine-N-carboxyanhydride from L-lysine. 

(b) Grafting PL from the PCL backbone  

To obtain a graft of PL from poly(CL-co-ACL), the poly(CL-co-ACL) 6 (1.00 g) and L-lysine-N-

carboxyanhydride d (1.02 g, 3.34 mmol) as illustrated in Scheme 3.6 were dissolved in dry THF (10 

mL) in separate 50 mL Schlenk flasks. The solutions were purged with argon and stirred continuously. 

The reaction mixture was stirred for 48 h at room temperature under the inert atmosphere. The solution 

was then precipitated in diethyl ether, yielding a white precipitate. The product 6d was dried under 

vacuum for 24 h at 30 °C. The Cbz was then removed by acidolysis forming product 6e which was 

purified by precipitating in dry diethyl ether, followed by drying for 24 h under vacuum at 30 °C. 
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Scheme 3.6: Schematic procedure for the grafting of PL from amino functionalized PCL. 

(c) Quaternization of PCL using tertiary ammonium species (alkyl halides).  

Poly(CL-co-ACL) was quaternized by reacting it with 1- bromobutane or 1-bromododecane as follows: 

0.10 g amino-functionalized PCL was dissolved in 5.0 mL THF in a round bottom flask containing a 

magnetic stirrer equipped with a condenser. 2 mL of alkyl halide either 1-bromododecane or 1-

bromobutane was then added to the PCL solution, with stirring under an inert atmosphere. Scheme 3.7 

illustrates the reaction. The solution was heated at 70 °C for 48 h. Thereafter, it was cooled, precipitated 

in diethyl ether, and dried under vacuum at 30 °C for 24 h. 

 

Scheme 3.7: Quaternization of amino-functionalized PCL with alkyl. 

 

3.3 Characterization  

3.3.1 ATR-FTIR 

A Nexus infrared spectrometer furnished with a smart Golden Gate attenuated total reflectance diamond 

(Thermo Nicolet) using ZnSe lenses was used for Attenuated Total Reflection Fourier Transform 

Infrared (ATR-FTIR) spectroscopy. All samples were scanned 64 times and the Omnic Software, 

version 7.2. was used for the analysis of data. 
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3.3.2 NMR spectroscopy 

1H-NMR and 13C-NMR spectra were measured using either a Varian VNMRS 300 MHz Liquid State 

NMR spectrometer, a Varian Unity Inova 400 MHz spectrometer, or a Varian Unity Inova 600 MHz 

Liquid State NMR spectrometer. Compounds were dissolved in deuterated chloroform (CDCl3) or 

deuterated dimethyl sulfoxide (DMSO-d6). Mestrenova software version 11.0.2 was used to process the 

NMR data. 

3.3.3 GPC 

Molecular weight and molar mass dispersity (Ð) of PCL were determined using a Waters GPC 

comprising the following components: Waters 2487 dual λ UV detector, Waters 1515 isocratic HPLC 

pump, Waters 410 differential refractometer (temperature of 30 °C), Waters 717 plus autosampler, and 

Waters in-line degasser. Two columns types were used: two PLgel 5 μm Mixed-C columns and a PLgel 

5 μm guard column, at 30 °C. First, the instrument was calibrated using narrow polystyrene standards 

with a molecular weight range of 580–3 187 000 g/mol. Polymers were dissolved in THF (HPLC grade, 

BHT stabilized) at a concentration of 2 mg/mL overnight and filtered using Cronus filters prior to 

analysis. Samples were introduced to the column at a flow rate of 1 mL/min with a pressure of 941 psi. 

3.4 Results and discussion 

3.4.1 Monomer synthesis 

The γ-(carbamic acid benzyl ester)-ε-caprolactone (γ-CABεCL) was synthesized from trans-4-

aminocyclohexanol in a three-step reaction. The cyclic alcohol was protected using benzyl 

chloroformate and the alcohol was oxidized into a ketone using Jones’s reagent. The subsequent ketone 

was also oxidized using m-CPBA yielding a lactone. Each compound was purified by recrystallization. 

The compounds were characterized with NMR and ATR-FTIR. 

3.4.1.1 NMR spectroscopy  

With reference to literature,6 the 1H-NMR spectrum of the protected alcohol 2 (Figure 3.2) showed a 

singlet at 4.49 ppm and a multiplet at 7.06 –7.39 ppm, corresponding to the benzyl group, which 

indicated successful protection of the amine. The other protons confirming the structure of the 

compound included –CH–NH– (c) at 3.19 ppm, –CH-OH– (f) at 3.30 ppm, and (–CH2)2–CH(OH)–

(CH2)2 (a, b, d, e) between 1.04 and 1.81. The successful oxidation was confirmed by the disappearance 

of the hydrogen peak at 3.49 ppm (f) in compound 3. The spectrum of the ketone (compound 3), shown 

in Figure 3.2 still shows the peak of benzyl protons at 7.28–7.45 ppm and the methylene (CH2) group 

at 5.03 ppm, which confirms that the protecting group (Cbz) remained intact during the oxidation. The 
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protons of –CH–NH– at 3.83 ppm, and –(CH2)2–(CO)–(CH2)2– (a, c, d, e) were observed between 1.53 

and 2.45 ppm. 

Successful oxidation of the ketone (3) to a lactone (4) was confirmed by 1H-NMR Figure 3.2. 

The resultant Lactone 4 had the same number of protons as product 3; the difference was that the protons 

of 4 were shifted downfield due to the oxygen in the ε-CL ring. The proton e shifted from 2.41 ppm to 

4.21 ppm and proton a from 2.64 to 2.77 ppm. Benzyl protons appeared at δ = 7.25–7.51 ppm, and –

CH2–) at δ = 5.04 ppm, –CH–NH– δ = 3.21 ppm, and –(CH2)2–CO–O–(CH2)2– (a, e, b, d) δ = 1.56–2.46 

ppm. 

To complement the 1H-NMR spectroscopy, 13C-NMR spectroscopy (Figure 3.3) was used. It 

reflected the oxidation of product 2 whereby the oxidation of the sp3 hybridized carbon f led to the shift 

from upfield to downfield as it forms a sp2 hybridized carbon in product 3. Further oxidizing product 3 

by Baeyer-Villiger oxidation resulted to a lactone (4) and carbon e in 4 shifted from 38.64 ppm to 64.80 

ppm due to increased electronegativity. 

Figure 3.2: Representative 1H-NMR spectra of alcohol, ketone, and caprolactone. 
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Figure 3.3: Representative 13C NMR spectra of alcohol, ketone and caprolactone. 

 

3.4.1.2 ATR-FTIR 
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Figure 3.4: Representative ATR-FTIR spectra of alcohol, ketone, and caprolactone. 

3.4.2 Polymer synthesis 

3.4.2.1 Optimization of polymerization 

The polymerization of ε-CL was first conducted using water as initiator and Sn(Oct2) as catalyst in 

toluene at 130 °C for 24 h. The polymer was characterized using GPC to determine its Mn and Ð. The 

GPC trace in Figure 3.5 shows bimodality in the lower molecular weight region highlighted by the 

dashed box. Bimodality is often observed in PCL synthesis, carried out under similar conditions, and 

has been attributed to backbiting/transesterification reactions.17 It is likely that a similar phenomenon is 

also occurring here. The GPC results of all polymers synthesized under these conditions are summarized 

in Table 3.1. 
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Figure 3.5: Representative GPC trace for H-PCL-OH samples. 

Table 3.1: GPC results of H2O initiated PCL. 

Sample Target Mn (Da) % Conversion Mn
GPC (Da) Đ 

1 10 000 63 10 200 1.39 

2 15 000 55 3 900 1.24 

3 20 000 60 8 600 1.25 

 

(a) Benzyl alcohol initiated polymerization at 130 C 

To determine the effect of the initiator on the polymerization and rule out the possibility of H2O 

contributing to the transesterification hence leading to tailing of the peak, the initiator was changed. 

Since Sn(Oct)2 must be used with a nucleophilic compound as an initiator, preferably an alcohol,17 

benzyl alcohol was selected as the alternative. GPC results of all polymers synthesized are summarized 

in Table 3.2. Bimodality was still observed, highlighted by the box in Figure 3.6 suggesting that the 

side reaction was still occurring.18 This could be an indication that transesterification was taking place 

and that it might be perpetuated by the high temperature.7, 17 
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Transesterification has a great influence on polymer Mn; broadening of the polymer weight 

distribution is observed.19 Transesterification occurs when a polymer reacts with itself or with another 

polymer during polymerization. This usually takes place at the late stage of polymerization. Two types 

of transesterification can occur: inter- and intramolecular transesterification. In intermolecular 

transesterification a propagating species reacts with a polymer chain, preventing the formation of a 

continuous polymer chain instead forming several short chains. On the other hand, in intramolecular 

transesterification, the growing chain of the polymer reacts with a segment of itself, hence forming 

cyclic oligomers.7, 20  

 

Figure 3.6: Representative GPC trace of BnO-PCL-H samples. 

Table 3.2: GPC results of BnOH initiated PCL. 

Sample Target Mn (Da) % Conversion Mn
GPC (Da) Đ 

1 5 000 63 7 200 1.48 

2 10 000 77 7 300 1.41 

 

(b) Benzyl alcohol initiated polymerization at 110 C 

ε-CL was polymerized using BnOH as an initiator and Sn(Oct2) as a catalyst at 110 °C. GPC results of 
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targeted, but only 2 900 Da was recorded. However, Ð values were low, and the bimodality was 

eliminated. The obtained symmetrical GPC chromatogram in Figure 3.7, indicates the suppression of 

transesterification. 

Figure 3.7: Representative GPC trace of BnO-PCL-H samples prepared at 110 °C. 

Table 3.3: GPC results of PCL. 

Sample Target Mn (Da) % Conversion Mn
GPC (Da) Đ 

1 10 000 29 2 900 1.13 

2 20 000 43 2 800 1.12 

3 40 000 30 7 100 1.15 

4 80 000 26 4 000 1.10 

(c)  Bulk polymerization 

Bulk polymerization was also attempted, to determine whether polymers of high molecular weight could 

be obtained. Córdova et al.21 synthesized PCL via both bulk polymerization and in solvent, and found 
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(Figure 3.8 and Figure 3.9) were higher than targeted. In addition, the Đ values were high indicative of 

poor control of polymerization 

 

Figure 3.8: Representative GPC trace for HO-(C6H10O2)n-H samples prepared. 
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Figure 3.9: Representative GPC trace for BnO-(C6H10O2)n-H samples prepared. 

(d) Novozyme 435 initiated/catalyzed polymerization 

Table 3.4 summarizes the GPC results of enzyme catalyzed PCL. The Mn was very low with high Đ 
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researchers and in this project indicate that enzyme catalyzed polymerization is uncontrollable. 
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availability of enzymes. The main challenge was that it was impossible to target the final product 
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Initially, a lipase reacts with a lactone to form an enzyme-activated hydroxy acid, which reacts 

with water to form a hydroxy acid. The polymerization is then initiated by the reaction of the hydroxy 

acid present in the system and an enzyme-activated hydroxy acid. The propagation of the polymerization 

reaction proceeds by the nucleophilic attack of the hydroxyl end group of the growing chain  on the 

enzyme-activated hydroxy acid.10, 24 This process can also lead to intramolecular transesterification.10 
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Figure 3.10: Representative GPC trace for enzyme catalyzed PCL. 

Table 3.4: GPC results of enzyme catalyzed PCL. 

Sample % Conversion Mn
GPC (Da) Đ 

1 58 5 698 2.83 

2 61 14 133 1.68 

3 49 3 962 1.44 

4 55 6 389 1.41 

 

3.4.2.2 Functionalization of PCL 

(a) NMR analysis 

A 9:1 ratio of ε-CL to γ-CABεCL was used in the copolymerization procedure producing a 

functionalized PCL. Followed by deprotection via acidolysis. The success of the copolymerization and 

deprotection was shown by NMR spectroscopy illustrated in Figure 3.11 and 3.12. The presence of a 

singlet peak at 5.07 ppm and a multiplet at 7.29–7.40 ppm which is as a result of Cbz is an indication of 

a successful copolymerization of pure ε-CL and γ-CABεCL (Figure 3.11). After acidolysis, the peak at 

5.07 ppm disappeared indicating the successful removal of the Cbz group. The residual peak at 7.32 

ppm is attributed to the benzyl end group of the polymer. It is observed also in 13C-NMR that the carbon 

signals of Cbz at 128 ppm disappeared after acidolysis retaining other carbon signals of the polymer 

backbone was maintained (Figure 3.12). 
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Figure 3.11: Representative 1H-NMR spectra of Cbz protected and deprotected poly(CL-co-

CABCL). 
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Figure 3.12: Representative 13C-NMR spectra of Cbz protected and deprotected poly(CL-co-

CABCL). 

 (b)  ATR-FTIR analysis  

After the removal of the Cbz group, the aromatic C-H vibrations at 3362 cm-1 and 3443 cm-1 disappeared 

as well as the C=C stretching at 1523 cm-1. The remaining C-H stretch at 2858 cm-1 to 2941 cm–1, and 

C=O stretch at 1723 cm–1 indicate that the polymer backbone did not degrade during deprotection. The 

ATR-FTIR results are illustrated in the Figure 3.13. 
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Figure 3.13: Representative ATR-FTIR spectra of poly(CL-co-CABCL) (bottom) and poly(CL-

co-ACL) (top). 

3.4.2.3 Polymer modification 

Antimicrobial activity can be induced on polymers via the incorporation of antimicrobial agents such as 

quaternary ammonium salts, active metal compounds, iodide which can be either be leaching or non-

leaching.25 Non-leaching antimicrobial agents are preferred because the desired effect is attained without 

releasing harmful residues into the environment. The antimicrobial agents are covalently attached to the 

material surfaces.25-26 In this study, non-leaching antimicrobial agents were introduced through grafting 

of PL from a PCL backbone and quaternization of PCL using tertiary ammonium species, e.g., alkyl 

halides. 

 (a)  Grafting of PL onto PCL backbone through covalent bonding. 

PL is widely used for achieving antimicrobial activity because it is water soluble, has low toxicity and 

has antimicrobial activity against both Gram-positive and Gram-negative bacteria.27 Previous work done 

by Geornaras et al.28 reported the antimicrobial effect of PL against Gram-negative Escherichia coli (E. 

coli), Salmonella Typhimurium, and Gram-positive Listeria monocytogenes in various food extracts. 
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They concluded that when food extracts containing bacteria were exposed to the polypeptide, the 

microbes were reduced in number.28 Chang et al.29 also did a similar study on beef by exposing the beef 

containing bacteria to PL. They found that the bacteria (E coli, S. typhimurium, and L monocytogenes) 

decreased in population with time. S. typhimurium was the most sensitive and L monocytogenes was the 

least sensitive bacteria to PL.29 It is proposed that PL adsorbs on the cell membrane of the bacteria 

resulting to the interaction of the negatively charged bacterial cell and the positively charged polymer. 

The electrostatic interaction results in the rupture of the bacterial cell resulting to the leakage of the 

organelles.27,30,31 In addition the DNA replication is hindered, resulting in cell death.32  

PL was grafted from an amine functionalized PCL backbone. The success of the grafting was 

confirmed by 1H-NMR spectroscopy (Figure 3.14). The aromatic region of the Cbz-protected PL was 

identified at 7.35 ppm (1), which disappeared after deprotection (2) and the CH of PL was observed at 

2.72 ppm. ATR-FTIR (Figure 3.15) was used to complement the NMR results. After successfully 

grafted PL from poly(CL-co-ACL) (2) a new broad peak was observed from the FTIR spectra at 3423 

cm -1. Comparing the spectra for the PL grafted from poly(CL-co-ACL) to the one for pure PL (3) it was 

concluded that the broad peak was as a results of additional CH2 groups brought by the incorporation of 

the PL chain.  

 

Figure 3.14: 1H-NMR spectra of PL grafted onto amino-functionalized PCL. 
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Figure 3.15: Representative ATR-FTIR spectra of (1) poly(CL-co-ACL), (2) polylysine grafted 

from poly(CL-co-ACL) and (3) pure polylysine. 

 (b) Quaternization of PCL using tertiary ammonium species (alkyl halides) 

Bshena tested the antimicrobial effect of quaternized poly(styrene-co-maleimide) against S. aureus, P. 

aeruginosa, and E. coli and found good bactericidal activity against S. aureus and moderate activity 

against E. coli.33 Cronje used the same phenomenon  to capture Mycobacterium tuberculosis.34 

According to Corrales et al.35 and Carmona-Ribeiro et al.36 quaternary ammonium compounds (QACs) 

can be used as disinfectants or biocidal agents hence killing or inhibiting the growth of microorganisms. 

35,36 QACs are active against both Gram-positive and Gram-negative bacteria.36 Thus, the incorporation 

of QACs was chosen as another technique of achieving antimicrobial effect. 

The mode of action of the QACs in polymers against bacteria is the same as that observed in 

PL. In both cases, the positively charged species interact with the cell membrane of the bacteria, 

resulting in leakage of the cell organelles resulting in cell death.37 To achieve the antimicrobial effect 

using a quaternary amine, 1-bromododecane and 1-bromobutane were reacted with amino 
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the bioactivity of the alkyl halides increases as the chain length increases as proposed by Kim et al.,38 
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Xue et al.39 and Bshena.33 The resulting polymers were analyzed by 1H-NMR spectroscopy (Figure 3.15 

and Figure 3.16). Successful quaternization was observed by the presence of the proton peak p at 0.87 

ppm of the terminal CH3 of the alkyl halide functionality.  

 

Figure 3.16: 1H-NMR spectrum of poly(CL-co-ACL) quaternized with 1-bromododecane (Q12). 

 

7 6 5 4 3 2 1

g

p

s

c

b,d, i

a, f

h

e, j

k

  (ppm)

q

Stellenbosch University https://scholar.sun.ac.za



Chapter 3  

 

57 

 

Figure 3.17: 1H-NMR spectrum of poly(CL-co-ACL) quaternized with 1-bromobutane (Q4).  

3.5 Conclusions 

The aim of the study which was to synthesize poly(CL-co-ACL) was achieved. This polymer was 

synthesized for the attachment of antimicrobial moieties. To achieve this the monomer γ-CABεCL was 

synthesized via a 3-step series of reactions from trans-4-aminohexanol. Trans-4-aminohexanol which 

was Cbz protected was oxidized via Jones’ oxidation followed by Baeyer-Villiger oxidation. γ-CABεCL 

was copolymerized with ε-CL via ROP. The ROP was initiated by benzyl alcohol hence producing 

benzyl terminated poly(CL-co-ACL). The synthesized polymer was modified in two ways; (i) grafting 

PL from poly(CL-co-ACL) and (ii) quaternization of the pendant amino groups of poly(CL-co-ACL) 

using alkyl halides. The polymer was modified in efforts to introduce antimicrobial properties to the 

polymer. The structures of the monomers and polymers were confirmed using ATR-FTIR, 1H-NMR and 

13C-NMR spectroscopy. GPC was used to determine the Mn and Đ of all polymers.   
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Chapter 4 : Scaffold fabrication 

4.0 Introduction 

Electrospinning (ES) was discovered by Anton Formhals in the 20th century.1,2 It is an efficient technique 

for the production of polymeric fibers3,4 ranging from nanometers to micrometers in size.4 The ES setup 

comprises of a syringe (reservoir), metallic needle, voltage supply, and a collector. The voltage is 

applied to the tip of the needle and on the collector. The voltage induces electrostatic forces in the 

polymer solution overcoming its surface tension distorting it in the process as it comes out of the needle 

forming a Taylor cone. Ultrafine nanofibers are drawn from the cone to a metallic collector.5,6 The 

nanofibers are obtained as the solvent evaporates while the polymer jet travels from the tip of the needle 

resulting in continuous fibers.3,6 

Nanofibers are used in several applications because of their large surface area to volume 

ratio.3,4,7,8 The nanofibers are applicable for tissue engineering,3 filters, protective clothing and 

biomaterials. Biomaterials such as scaffold tissue engineering, wound dressings, drug delivery systems4, 

7 and chemical and optical sensors.7 

This chapter elaborates on the ES procedure on all the polymers that were synthesized in this 

project as described in Chapter 3. It discusses the preparation of polymer solutions of the various 

polymers, from the optimization of the electrospinning procedure to finally fabricating the desired 

nanofibers and lastly the characterization of nanofibers using scanning electron microscopy (SEM). 

4.1 Experimental procedures 

4.1.1. Solution preparation 

Various solvent systems were used in preparation of the polymer solutions for ES. They are discussed 

in the following electrospinning procedures’ sections. For electrospinning the Kent scientific, Genie 

plus model needle pump and Avacare syringe with Braun Sterican blunt needle (0.8  22 mm), were 

used. 

4.2 Electrospinning procedures 

4.2.1 Electrospinning of homopolymers 

ES was first attempted with homopolymers of the synthesized PCL with molecular weight 10 200 Da. 

Polymer solution of various concentrations were prepared using different solvents. A 5 mL plastic 

syringe equipped with a metallic needle was used as a reservoir. The polymer was dissolved in 
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halogenated solvents; tetrafluoroethylene (TFE) or chloroform. These solvents were chosen because 

PCL dissolves in them and their low boiling points 76 and 61 °C respectively hence they evaporate 

quickly.  

The following parameters were used: applied voltage of 20 kV for the tetrafluoroethylene (TFE) 

solutions and 25 kV for the chloroform solution; and the distance between the needle tip and the collector 

(TCD) was 15 and 20 cm, interchangeably; flow rate 0.038 mL/min; concentration of polymer solution, 

7 wt %, 10 wt %, and 12 wt %.  

4.2.2 Electrospinning of blends of PCL homopolymers and commercial PCL 

Since the ES of the synthesized polymers was unsuccessful because of their low molecular weight. 

Therefore, a commercially available high molecular weight PCL (80 000 Da) was blended with the 

synthesized PCL in different ratios, 1:1, 1:2, 2:1, 1:3,1:4. A binary solvent was adapted for the ES 

process by dissolving the polymers in THF/DMF (1:1 w/w), separately making 15 % wt solution. The 

blended solutions were transferred to a 3 mL plastic syringe equipped with a metal needle. A pump was 

used to control the flow rate of the solution at 0.016 mL/min. A voltage supplier of 10 kV was used to 

induce fiber formation. The distance between the needle tip and the collector was maintained at 15 cm. 

4.2.3 Electrospinning of functionalized PCL/modified polymers 

The functionalized and modified polymers as described in Chapter 3 had a low molecular weight, hence 

they could not be electrospun on their own. A commercial PCL of high molecular weight was blended 

with the polymers. Each polymer was dissolved in THF/DMF (1:1 w/w), making 10 % w/w solutions. 

These polymer solutions were then blended in different ratios (Table 4.3). A 3 mL plastic syringe was 

used as a reservoir. It was positioned on a syringe pump, which ejects and controls the flow rate of the 

solution. A voltage supplier of 10 kV was maintained. The TCD was held constant at 15 cm and the 

flow rate was 0.016 mL/min. 

4.3 Scanning electron microscopy analysis 

The structure of the nanofiber mats that were obtained was carried out using a Zeiss MERLIN SEM 

instrument (Figure 4.1). The fiber mats were mounted on scanning electron microscope (SEM) 

specimen stubs on a double-sided carbon tape. Prior to analysis the samples were coated with gold for 

3 min under vacuum. A S150A sputter coater was used. In-lens and secondary electron detectors were 

used for the analyses. 
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Figure 4.1: Equipment that was used for SEM analysis of the structure of the nanofiber mats: (1) 

gold S150A sputter coater used for coating samples prior to imaging, (2) external view of the Zeiss 

MERLIN scanning electron microscope, and (3) computer equipment used: monitor, keyboard, 

and joysticks for controlling the stage. 

 

The fiber diameter of the nanofibers was measured using AxioVision Rel. 4.8 software. The 

measurements were carried out from SEM images with 10 000  magnification. One hundred 

measurements were recorded in various regions of the nanofibers. 

4.4 Results and discussion 

4.4.1 Structure of nanofibers prepared by the electrospinning of 

homopolymers 

The polymers that were electrospun under the parameters presented in Table 4.2 did not form fibers but 

formed clumps (Figure 4.2). This was ascribed to the low molecular weight of the polymers used < 10 

000 Da.  Previous work done by other researchers like Aguirre-Chagala et al.,9 Yalcin et al.,10 and Rajzer 

et al.11, report a success of electrospinning of PCL with relatively high molecular weight; 80 000 Da, 45 

000 Da and 80 000 Da, respectively. 

Since the molecular weight has such a significant effect on the rheological and electrical 

properties of an ES solution12 the ES of low molecular weight PCL resulted in electrospraying. When 

using a low molecular weight polymer, there is insufficient entanglement of molecules within the 

polymer solution, hence the polymer solution jet breaks, forming droplets or beads.13 As the molecular 

weight plays a major role in in the entanglement of the polymer chain during ES, it is expected that only 

high molecular weight PCL will electrospin successfully. A low molecular weight polymer can be 

electrospun only by blending it with a high molecular weight polymer. This will help in achieving 

sufficient chain entanglements to improve the solution viscosity, hence affording the desired 

nanofibers.5, 12 

Stellenbosch University https://scholar.sun.ac.za



Chapter 4  

 

64 

Detta et al.14 demonstrated the effect of the molecular weight of a polymer in ES. They 

electrospun PEG-co-PCL of low molecular weight (9800 Da) of which they obtained discontinuous 

fibers. This was a result of the low molecular weight of the pure blend (copolymer) and insufficient 

macromolecular entanglements of this polymer, which resulted in Rayleigh instability. So, to overcome 

this challenge, they then blended the solution with PCL of high molecular weight (80 000 Da). The 

effect of the higher molecular weight of the copolymer was evident in terms of the morphology of the 

nanofibers. When they blended the polymer solutions of PEG-co-PCL: PCL at 2:3 they still obtained 

discontinuous fibers. After they have increased the amount of PCL solution in the blend, they were able 

to obtain continuous fibers. The best blend being 10% PEG-co-PCL with 90% PCL 80 000.14 

Table 4.1: Electrospinning parameters for synthesized PCL homopolymers with molecular weight 

less than 10 000 Da. 

 

 

Figure 4.2: SEM images of electrospun PCL homopolymers less than 10 000 Da: (1) for 10% wt 

PCL in TFE with an insert showing the peripheral of the scaffold, (2) for 12% wt PCL in TFE 

and (3) for 7% wt PCL in CHCl3. 

4.4.2 Structure of nanofibers of homopolymers/commercial PCL blends 

The successful stretching of a polymer jet is highly dependent on the concentration of the polymer 

solution.5 As the polymer concentration increases, the polymer chain entanglement increases. This helps 

in overcoming the surface tension of the solution eliminating the chance of the formation of beads. In 

this project, blending low molecular weight PCL and high molecular weight PCL increased the polymer 

concentration, hence the chain elongation is maintained without breaking.5,13  

1 2 3

Sample code Concentration Voltage 

(kV) 

Distance  

(cm) 

Flow rate  

(mL/min) 

1 10% 1 wt PCL:TFE 20 15 0.038 

2 12% wt PCL:TFE 20 20 0.038 

3 7% wt PCL:CHCl3 25 15 0.038 
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Figures 4.3 and 4.4 demonstrate the micrographs and the respective diameter distribution 

graphs obtained from the ES. Table 4.2 summarizes the results obtained in the ES. As the amount of 

commercial PCL was increased, the fiber diameter also increased. This shows that the viscosity of the 

polymer solution was increased. This is due to the resistance of the polymer solution towards stretching 

when the polymer is more viscous.15 However, sample 3 and 4 results were contradictory to this theory. 

This is because the nanofibers on sample 3 were mixed, some were thick and flat, yet others were thin 

and round whereas on sample 4 the nanofibers were quite uniform. 

Table 4.2: PCL homopolymer (synthesized): PCL (commercial) solution ratios and average 

diameters of nanofibers 

 

 

 

 

 

 

 

 

 

 

Sample code Polymer solution ratio  

(PCL (synthesized): PCL 

(commercial) wt/wt) 

Average diameter  

(nm) 

Sample 1 2:1 263 ± 94 

Sample 2 1:1 292 ±136 

Sample 3 1:2 631 ± 461 

Sample 4 1:3 495 ± 155 

Sample 5 1:4 1050 ± 529 
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Figure 4.3: SEM micrographs of electrospun PCL homopolymers (synthesized/ commercial 

polymer) fibers (left) and respective histograms of diameter distribution (right), for samples 1–3. 

The ratios of synthesized PCL to commercial PCL (80KDa) was 2:1, 1:1, 1:2 respectively. 

0 200 400 600 800 1000 1200
0

10

20

30

40

50

60

F
re

q
u

en
cy

 (
%

)

Diameter (nm)

0 500 1000 1500 2000 2500 3000 3500
0

10

20

30

40

50

60

F
r
e
q

u
e
n

c
y

 (
%

)

Diameter (nm)

0 100 200 300 400 500 600 700 800
0

10

20

30

40

50

F
re

q
u

en
cy

 (
%

)

Diameter (nm)

Sample 1

Sample 2

Sample 3

Stellenbosch University https://scholar.sun.ac.za



Chapter 4  

 

67 

 

Figure 4.4: SEM micrographs of electrospun PCL homopolymers (synthesized/ commercial 

blends) fibers (left) and respective graphs of diameter distribution (right), for samples 4 and 5. 

The ratios of synthesized PCL to commercial PCL (80KDa) were 1:3, 1:4 respectively. 

4.4.3 Structure of nanofibers of functionalized PCL/commercial PCL blends 

Poly(ε-caprolactone-co-γ-amino-ε-caprolactone) (poly(CL-co-ACL) and commercial pristine PCL were 

blended as illustrated in Table 4.3. The obtained nanofiber micrographs (Figure 4.5) showed average 

diameters on each nanofiber mat of less than 300 nm. Sample 3 had smaller diameter of 126 nm as 

compared to the sample 1 and 2. Some of the nanofibers had beads especially the 2:1 ratio but as it is 

observed not the entire fiber mat have beads. 

Table 4.3: ES of blends of functionalized PCL (poly(CL-co-ACL)) and commercial PCL: solution 

ratios and average diameters of nanofibers obtained. 

Sample code Polymer solution ratio (poly(CL-co-

ACL) : Commercial PCL; wt/wt)) 

Average diameter (nm) 

± standard deviation 

Sample 1 2:1 201± 45 

Sample 2 1:1 294 ± 92 

Sample 3  1:2 126 ± 35  
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Figure 4.5: SEM micrographs of electrospun poly(CL-co-ACL)/ commercial PCL fibers (left) and 

respective graphs of fiber diameter distributions (right), for sample 1–3. The ratios of poly(CL-

co-ACL) to commercial PCL (80KDa) were 2:1, 1:1, 1:2 respectively. 

4.4.4 Structure of nanofibers of modified PCL/commercial PCL blends 

The SEM micrographs of nanofibers from modified PCL and commercial PCL blends obtained are 

illustrated in Figures 4.6, 4.7, and 4.8. The average diameters were in the range 111–206 nm (Tables 

4.4, 4.5 and 4.6). As the amount of commercial PCL was increased, the nanofiber diameter also 

increased. This was an indication that the high molecular weight of the polymer plays a major role in 

the nanofiber morphology. The 2:1 had spindle-like beads yet the 1:2 had no beads hence it is concluded 

that nanofibers with uniform morphology were obtained as the amount of commercial PCL is increased. 
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Table 4.4: 1-Bromobutane quaternized poly(CL-co-ACL) (Q4): commercial PCL solution ratios 

and average diameters of nanofibers. 

Sample Code Polymer solution ratio (Q4:PCL 

commercial; wt/wt) 

Average diameter (nm) 

± standard deviation 

Q4_1 2:1 114 ± 37 

Q4_2 1:1 115 ± 38 

Q4_3 1:2 196 ± 40 

 

Figure 4.6: SEM micrographs of electrospun (1-bromobutane quaternized poly(CL-co-ACL) 

(Q4)/ commercial PCL) fibers and respective fiber diameter distributions formed from different 

ratios of Q4 to commercial PCL (80KDa); 2:1, 1:1, 1:2 respectively.  
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Table 4.5: 1-Bromododecane quaternized poly(CL-co-ACL) (Q12): commercial PCL solution 

ratios and averaged diameter of nanofibers. 

Sample Code Polymer solution ratio 

(Q12:PCL commercial; wt/wt) 

Average diameter (nm) ± 

standard deviation 

Q12_1 2:1 111 ± 28 

Q12_2 1:1 147 ± 44 

Q12_3 1:2 206 ± 62 
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Figure 4.7: SEM micrographs of electrospun 1-bromododecane quaternized poly(CL-co-ACL) 

(Q12)/ commercial PCL fibers (left) and respective graphs of fiber diameter distribution (right), 

formed from different ratios of Q12 to commercial PCL (80KDa); 2:1, 1:1, 1:2. respectively. 
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Table 4.6: Poly(CL-co-ACL) grafted with polylysine (Ly): PCL solution ratios and average 

diameters of nanofibers. 

Sample code  Polymer solution ratio (Ly:PCL 

commercial; wt/wt) 

Average diameter (nm) 

± standard deviation 

Ly2 1:1 138 ± 50 

Ly3 1:2 148 ± 49 

 

 

Figure 4.8: SEM micrographs of electrospun poly(CL-co-ACL) grafted with polylysine (Ly)/ PCL 

(commercial) fibers on the left and respective graphs of fiber diameter distribution on the right 

formed from different ratios of Ly to commercial PCL (80 kDa); 1:1, 1:2 respectively. 

4.5 Conclusion 

In summary, in this part of the study the structure of the electrospun nanofibers was significantly affected 

by various parameters such as the polymer concentration, viscosity and molecular weight. PCL scaffold 
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polymer chain entanglements in the polymer solution leading to polymer jet break-up forming 

droplets/beads.16 Since, the molecular weight of a polymer controls the structure of nanofibers,5 in 

efforts to successfully fabricate PCL-based nanofiber mats, PCL of 80 000 Da was blended with 

synthesized polymers before electrospinning (ES). The commercial PCL aided in the ES since it has a 

high molecular weight, therefore it acted as a carrier of the low molecular weight copolymer. Various 

polymer solutions were used, and it was concluded that the optimum concentration to be used for the 

ES of PCL is 10 % wt which produced uniform and continuous nanofibers. The solvent of choice 

THF/DMF was the best since it evaporated on time allowing the formation of nanofibers which had 

diameters of less than 1000 nm.  

Stellenbosch University https://scholar.sun.ac.za



Chapter 4  

 

74 

References 

1. Bayley, G. M.; Mallon, P. E., Porous microfibers by the electrospinning of amphiphilic graft 

copolymer solutions with multi-walled carbon nanotubes. Polymer 2012, 53 (24), 5523-5539. 

2. Tucker, N.; Stanger, J.; Staiger, M.; Razzaq, H.; Hofman, K., The history of the science and 

technology of electrospinning from 1600 to 1995. J. Eng. Fiber Fabr. 2012, 7, 63-73. 

3. Katsogiannis, K. A. G.; Vladisavljević, G. T.; Georgiadou, S., Porous electrospun 

polycaprolactone (PCL) fibres by phase separation. Eur. Polym. J. 2015, 69, 284-295. 

4. Liao, G.; Jiang, S.; Xu, X.; Ke, Y., Electrospun aligned PLLA/PCL/HA composite fibrous 

membranes and their in vitro degradation behaviors. Mater. Lett. 2012, 82, 159-162. 

5. Haider, A.; Haider, S.; Kang, I.-K., A comprehensive review summarizing the effect of 

electrospinning parameters and potential applications of nanofibers in biomedical and biotechnology. 

Arab. J. Chem. 2015. 

6. Van der Schueren, L.; De Schoenmaker, B.; Kalaoglu, Ö. I.; De Clerck, K., An alternative 

solvent system for the steady state electrospinning of polycaprolactone. Eur. Polym. J. 2011, 47 (6), 

1256-1263. 

7. Casasola, R.; Thomas, N. L.; Trybala, A.; Georgiadou, S., Electrospun poly lactic acid (PLA) 

fibres: effect of different solvent systems on fibre morphology and diameter. Polymer 2014, 55 (18), 

4728-4737. 

8. Thompson, C.; Chase, G. G.; Yarin, A.; Reneker, D., Effects of parameters on nanofiber 

diameter determined from electrospinning model. Polymer 2007, 48 (23), 6913-6922. 

9. Aguirre-Chagala, Y. E.; Altuzar-Aguilar, V. M.; León-Sarabia, E.; Tinoco-Magaña, J. C.; 

Yañez-Limón, J. M.; Mendoza-Barrera, C. O., Physicochemical properties of 

polycaprolactone/collagen/elastin nanofibers fabricated by electrospinning. Mater. Sci. Eng. C. 2017. 

10. Yalcin, I.; Horakova, J.; Mikes, P.; Sadikoglu, T. G.; Domin, R.; Lukas, D., Design of 

polycaprolactone vascular grafts. J. Ind. Text. 2016, 45 (5), 813-833. 

11. Rajzer, I.; Menaszek, E.; Castano, O., Electrospun polymer scaffolds modified with drugs for 

tissue engineering. Mater. Sci. Eng. C. 2017. 

12. Bhardwaj, N.; Kundu, S. C., Electrospinning: a fascinating fiber fabrication technique. 

Biotechnol. Adv. 2010, 28 (3), 325-347. 

13. Mokhena, T.; Jacobs, V.; Luyt, A., A review on electrospun bio-based polymers for water 

treatment. Express Polym. Lett. 2015. 

14. Detta, N.; Brown, T. D.; Edin, F. K.; Albrecht, K.; Chiellini, F.; Chiellini, E.; Dalton, P. D.; 

Hutmacher, D. W., Melt electrospinning of polycaprolactone and its blends with poly (ethylene glycol). 

Polym. Int. 2010, 59 (11), 1558-1562. 

15. Ramakrishna, S., An introduction to electrospinning and nanofibers. World Scientific: 2005. 

16. Khoo, W.; Koh, C. T. In A Review of Electrospinning Process and Microstructure Morphology 

Control, International Conference on Mechanical and Manufacturing Engineering (ICME2015), 2015. 

Stellenbosch University https://scholar.sun.ac.za



Chapter 4  

 

75 

 

Stellenbosch University https://scholar.sun.ac.za



Chapter 6  

 

76 

Chapter 5 : Antimicrobial and biodegradability properties of PCL 

nanofibers 

5.1 Introduction  

Polycaprolactone (PCL), like all polyesters, is susceptible to hydrolysis due to the presence of aliphatic 

ester bonds in its backbone.1,2 For that reason, PCL is used in applications such as wound dressing, drug 

delivery, tissue engineering etc.1, 3 The presence of hydrophilic groups which are susceptible to 

hydrolysis on the polymer backbone such as amines, hydroxyls, and carboxyl, enhances the 

biodegradation rate of the polymer.1,4 Electrospun fibers degrade faster than films because they have a 

large surface area to volume ratio.5 During the degradation process, physicochemical factors such as 

temperature, enzyme species/enzyme concentration, and pH of the substrate all have an effect on the 

rate of biodegradation.1,4 The in vitro degradation of polyesters can be monitored by characterizing 

remains via gravimetric measurements for weight loss, and by scanning electron microscopy (SEM) for 

morphological changes, by revealing the formation of either pores, cavities, discontinuities, and cracks.1, 

6 

It is also important for biomaterials especially those used in wound dressings to be antimicrobial, to 

eliminate the spread of microorganisms and hence curb infections.7 Several antimicrobial agents have 

been reported in literature. Quaternary ammonium compounds (QACs) and polylysine (PL) are adapted 

in this study. PL has a broad spectrum against both Gram-positive (G+) and Gram-negative (G-)bacteria 

such as Staphylococcus aureus and E coli8. Since PL is stable, water soluble,9 biodegradable and 

nontoxic8,9 it can be used in the medical field. QACs are also known to be antimicrobial against both 

G+ and G- bacteria.10 

In this chapter, findings of this study on the antimicrobial activity and biodegradability of all synthesized 

and modified electrospun polymer fibers are reported. The antimicrobial activity of nanofibers was 

tested against Staphylococcus aureus and Pseudomonas aeruginosa using the zone inhibition test. 

Whereas the biodegradability was evaluated by immersing fiber mats in phosphate buffered saline (PBS) 

containing the enzyme lipase from Pseudomonas cepacia. Samples were kept in the solution for specific 

periods. They were monitored by determining sample weight loss and morphological changes at various 

time intervals. Table 5.1 lists the nanofibers used in the study, their codes and description. 
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Table 5.1: Modified PCL nanofibers evaluated: codes and descriptions. 

Sample code Sample description 

P pure PCL (used in control experiments) 

Ly poly(CL-co-ACL) grafted with polylysine (PL) 

Q4 poly(CL-co-ACL) quaternized with 1-bromobutane  

Q12 poly(CL-co-ACL) quaternized with 1-bromododecane 

 

5.2 Experimental  

5.2.1 Materials  

Lipase from Pseudomonas cepacia  30 U/mg, sodium azide ≥99.5%, and phosphate buffer tablets 

were all purchased from Sigma-Aldrich and used as received, without further purification. 

5.3 Methods 

5.3.1 Antimicrobial assays for zone inhibition evaluation 

Mueller-Hinton Agar (MHA) was prepared by dissolving 30.4 g of MHA powder in 800 mL deionized 

water. The solution was autoclaved for 1 h then cooled to only warm. The warm solution was poured 

into petri dishes and allowed to cool further, to form a solid. Microorganisms (Staphylococcus aureus 

and Pseudomonas aeruginosa) were cultured onto two agar plates. A disinfected loop was used to take 

some of bacteria from a stock culture. The bacteria were streaked onto a petri dish containing new MHA 

base and the dish was then placed in an incubator set at 37 °C, overnight. The bacteria were then 

inoculated. Luria Bertani (LB) broth was prepared by dissolving 25 g LB broth powder in 1 L of 

deionized water. The solution was autoclaved at 121 °C for 15 min, then cooled. Using a micropipette 

tip, 3 or 4 colonies of bacteria were aseptically transferred into the LB broth in a test tube and incubated 

at 37 °C overnight. An aliquot of 50 μL broth with bacteria was then spread on agar plates containing 

solid MHA, followed by placement of nanofiber mats on top of the agar. This was incubated at 37 °C 

overnight. Thereafter, the plates were examined. No visible antimicrobial effect was observed. 

Henceforth the polymers before electrospinning carrying the antimicrobial moieties were tested without 

blending. 

5.3.2 Biodegradation studies 

PBS solution was prepared by dissolving 1 tablet of PBS in 200 mL of deionized water, to yield 0.01 M 

(PBS), with pH 7.4 at 25 °C. Sodium azide (0.01 g) was dissolved in PBS (50 mL) and 0.01 g of lipase 

was added. Weighed nanofiber mats were immersed into the solution and placed in a shaker at 37 °C 
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for 6, 12, 24, 48, and 72 h. Fiber mats were then removed from the buffer, rinsed several times with 

distilled water, and dried in a vacuum oven for 24 h at room temperature. Weight loss and SEM images 

of samples before and after immersion in lipase solution were recorded. 

5.4 Results and discussion 

5.4.1 Antimicrobial activity 

Antimicrobial assays were carried out using zone inhibition. The nanofibrous membranes did not 

indicate any activity against Gram-positive (Pseudomonas aeruginosa) bacteria and Gram-negative 

bacteria (Staphylococcus aureus). Following this set back, the polymers were tested for their 

antimicrobial activity against these bacteria and all the functional polymers showed good antimicrobial 

activity against both Pseudomonas aeruginosa and Staphylococcus aureus as illustrated by Figure 5.1. 

The lack of activity on the fibers was attributed to the fact that prior to electrospinning the modified 

poly(CL-co-ACL) as blended with non-functionalized PCL to enhance spinnability. This reduced the 

ratio of the antimicrobial moieties when compared to pristine PCL. Additionally, the blending process 

does not ensure full exposure of the antimicrobial functionalities on the outside of the fiber (some 

antimicrobial parts are buried within the fiber). 
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Figure 5.1: Zone inhibition images for polymers against Staphylococcus aureus and Pseudomonas 

aeruginosa. 

5.4.2 Biodegradation 

In vitro degradation of electrospun PCL nonwoven materials was investigated in PBS. The degradation 

was monitored by measuring weight change and morphological changes. SEM characterization was 

conducted to validate the weight loss observations. The percentage mass loss from each scaffold was 

determined after drying samples under vacuum then comparing the initial weight (Wi) of the fibre with 

the weight after degradation (Wd): 

Weight loss =
Wi − Wd

Wi
   100% 

Lipases from Pseudomonas cepacia have been widely used to study the degradation behavior of 

PCL.11,12 The enzymes attack the polymer at the ester bond and cleave it.12 The nanofibers that were 

immersed in PBS with no lipase did not degrade, proving that enzymes are necessary in the degradation. 

The enzyme catalyzes the hydrolysis of ester bonds, resulting in bond cleavage, then weight loss of the 

material. 
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Figure 5.2 illustrates the weight loss of the PCL fiber scaffolds during degradation. The 

nanofibers in the lipase solution lost weight over time. Within 96 h they were 100% degraded whereas 

only 80 % of the pure PCL fibers were degraded. This is attributed to the presence of the functional 

groups in modified poly(CL-co-ACL)  and the presence of lipase accelerated the degradation process.13 

The functionalities increase the hydrophilicity of the polymer, and hence increase the biodegradation 

rate.14 These results are in accordance with literature whereby Seyednejad,15 Gan et al.16 and Gan et al.17 

had reported that in the presence of an enzyme, the degradation of PCL took about 72 h. 

 

Figure 5.2: Enzymatic degradation of PCL nanofibers (weight loss). Pure PCL (P), poly(CL-co-

ACL) grafted with polylysine (Ly), PCL quaternized with 1-bromododecane (Q) and controls 

(without lipase) 

Surface morphological changes were followed by SEM. The micrographs of nanofibers (Figure 

5.3) shows the degradation stages of nanofibers at different times (6, 12, 24, 48, and 72 h). It was 

observed that as time passed the nanofibers lost their original morphology. After 6 h, not much 

difference was noted for pure PCL, whereas signs of degradation of the other nanofibers were observed, 

especially for PCL grafted with PL, where the nanofibers started to be fragmented. After 12 h, Q and 

Ly nanofibers were cleaved into smaller pieces, which is a sign that bonds were broken. Biodegradation 

of the nanofibers within 4 days is attributed to both the enzyme and the polymer’s pendant 

functionalities. Moreover, nanofibers have a high surface-to-volume ratio compared to films, which 

significantly increases the interaction area between fibres and lipase, as indicated by Zeng et al.5 
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The mechanisms of biodegradation depend on the nature of the polymer and the environment.11 

During hydrolytic degradation of PCL, ester bonds are broken leading to formation of carboxyl end 

groups. The polymer degrades to form oligomers, which degrade to monomers (6-hydroxycaproic acid) 

that are soluble in PBS solution.18,19 Scheme 5.1 illustrates the degradation stages of the modified PCL 

and pure PCL. Firstly, the amorphous region of PCL is degraded, then the crystalline phase.20 In general, 

polymers can undergo degradation either by surface erosion or by bulk erosion. PCL is reported to 

undergo mainly surface erosion, whereby water diffuses slowly into the polymer matrix, and the 

degradation occurs only at the surface layer. Surface erosion is a heterogeneous process. It strongly 

depends on the surface condition of the sample.11 PCL can also degrade via bulk erosion, whereby water 

diffuses rapidly into a polymer structure, leading to hydrolysis. The subsequent mass loss then occurs 

throughout the bulk of the material.11 

 

Scheme 5.1: Schematic of the hydrolytic degradation of PCL adapted from Sánchez-González et 

al..18 
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Figure 5.3: Morphological changes in the electrospun PCL nanofibrous scaffolds after in vitro 

degradation, after 6, 12, 24, 48, and 72 h. 
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5.5 Conclusion 

Antimicrobial assays on nanofibers were carried out using the zone of inhibition test. No antimicrobial 

effect was observed for the nanofibers. This was attributed to the fact that during electrospinning, the 

functional polymers (polymers with antimicrobial moieties) were blended with pure PCL for ease of ES. 

The blend ratio of the functional polymer compared to the unfunctionalized polymer was lower which 

had an effect on the overall antimicrobial efficacy of the material. Zone of inhibition tests were carried 

out on the functional polymers and they were all antimicrobial against both Staphylococcus aureus and 

Pseudomonas aeruginosa.  

The biodegradability of nanofiber mats was determined in efforts to determine the period of 

biodegradation. The hydrolytic degradation occurred within a relatively short period of 4 days. The 

enzymatic degradation of PCL nanofibers was monitored according to weight loss and SEM 

observations. SEM was used to confirm that the weight loss of the nanofibers was in fact due to 

biodegradation. SEM images showed that modified PCL began to degrade within 6 h. Nanofibers were 

disfigured, gradually destroying the orientation of the nanofibers. After 4 days, the degradation was 

complete. It is known that the biodegradation process of PCL under normal conditions without any 

enzyme can take up to 30 or more days.19,21,22 So, adding the enzyme into the PBS solution accelerated 

the biodegradation process. For that reason, the control PCL nanofiber samples which had no enzyme 

did not degrade since PCL have ester bonds which are stable under physiological conditions therefore, 

they require lipases to break the bonds leading to degradation.2  
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Chapter 6 : Summary/Conclusions and recommendations 

6.1  Summary/Conclusions 

The overall aim of this study was to synthesize ɛ-caprolactone based antimicrobial and biodegradable 

nanofiber mats.  

The study commenced with the synthesis of the monomer γ-(carbamic acid benzyl ester)-ε-

caprolactone (γ-CABεCL). It was successfully synthesized from trans-4-aminocyclohexanol via a two-

step oxidation, followed by copolymerization of (γ-CABεCL). The terminal amine of trans-4-

aminohexanol was protected prior using benzyl chloroformate, hence avoiding possible side reactions. 

The protected cyclic alcohol was oxidized with Jones reagent. The resulting cyclic ketone was further 

oxidized via Baeyer–Villiger oxidation using m-chloroperbenzoic acid, cleaving the carbon–carbon 

bond adjacent to the carbonyl group, with insertion of oxygen. The monomer structure was confirmed 

with NMR and FTIR. Prior to copolymerization of the monomer, the polymerization procedure was 

optimized. The copolymerization of ɛ-CL was carried out via ring-opening polymerization (ROP), while 

the ɛ-CL was still protected. Benzyl alcohol was used as an initiator and the copolymerization was 

catalyzed with Sn(Oct)2. The copolymer product poly(ε-caprolactone-co-γ-(carbamic acid benzyl ester)-

ε-caprolactone) was deprotected via acidolysis affording the desired product poly(ε-caprolactone-co-γ-

amino-ε-caprolactone) (poly(CL-co-ACL)) that had a pendant amino group. The amino group was 

where the antimicrobial moieties were attached. The copolymer was later modified successfully to 

introduce antimicrobial effects.  This was achieved by grafting polylysine (PL) from poly(CL-co-ACL) 

or by quaternizing the pendant with alkyl halide (1-bromodecane or 1-bromobutane). 

Nanofiber mats of the modified PCL were then fabricated via electrospinning (ES). The ES 

procedure was optimized before electrospinning poly(CL-co-ACL). This was attained by first 

electrospinning PCL homopolymers of about 10 000 Da and it was evident that the low molecular weight 

polymers could not be electrospun. Once they were blended with a higher molecular weight PCL (80 000 

Da) it was possible to electrospin. The nanofibers were then characterized using scanning electron 

microscopy (SEM) to determine their morphology and their diameter. The average diameter ranged from 

111 to 294 nm. The constraints in ES was that the synthesized PCL had low molecular weight PCL. 

Therefore, a need to blend these polymers with commercial PCL before ES. 

The antimicrobial activity and biodegradability of the nanofiber mats fabricated by ES were 

studied. The antimicrobial assays were carried out using zone inhibition. The polymers showed 

antimicrobial activity against both the Staphylococcus aureus and Pseudomonas aeruginosa. Evaluation 

of the biodegradation of the scaffolds was carried out by immersing them in Pseudomonas lipase 

solution in phosphate-buffered saline at 37 °C for a certain period of time. The  biodegradation was 

monitored via SEM and weight loss measurement. The nanofibers degraded completely within 4 days. 

Nanofibers made of the quaternized polycaprolactone (Q4/Q12) and PL grafted PCL (Ly) showed better 
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biodegradation rates than pure PCL. 100% weight loss was obtained for Q4/Q12 and Ly nanofibers 

whereas pure PCL after 4 days only 80 % had degraded. 

6.2  Recommendations 

1. The use of a hydrophilic polymer is highly recommended in synthesizing a block with the γ-

(carbamic acid benzyl ester)-ε-caprolactone (γ-CABεCL). Polymers like poly(ethylene glycol) 

can be considered to increase the hydrophilicity of the polymer hence increazing the ability to 

absorb moisture.  

2. It is also recommended that the ratio of γ-CABεCL should be higher than ε-CL in poly(CL-co-

ACL) to increase the amount of functional polymer carrying the antimicrobial moiety. 

3. Since there is no work done by the group on PCL previously, it is recommended that kinetic 

studies can be done. This will help in understanding the polymerization of ε-CL; the reaction 

factors such as concentration of initiator, temperature, solvent, presence/nature of catalyst. This 

will help attaining polymers of high molecular weight that ca be electrospun successfully with 

no need to blend. 

4. For the antimicrobial attachment, it is recommended that different peptides can be used to 

investigate the activity of these nanofibers against a wide range of bacteria. 

5. Core-shell electrospinning should be considered to maximize the exposure of the antimicrobial 

moiety. 
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