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KINETICS OF LIPASE-CATALYSED FUNCTIONALISATION OF EPSILON-

CAPROLACTONE MONOMER AND OLIGOMER WITH METHYL-D-

GLUCOPYRANOSIDE 

ABSTRACT 

One-pot synthesis of oligomeric sugar ester was carried out by lipase-catalysed 

esterification of -caprolactone (ECL) with methyl-D-glucopyranoside (MGP) followed 

by chain elongation of ECL monomer/oligomer. Functionalisation was performed in a 

custom-fabricated glass reactor equipped with Rushton turbine impeller using tert-

butanol as reaction medium. Two-level half-fractional factorial design was employed to 

analyse the effects of selected operating variables namely lipase (1.2-2.8 % w/v), initial 

ɛ-caprolactone (3.8-11.5 % w/v), initial methyl-D-glucopyranoside (0.04-0.14 % w/v), 

temperature (40-60 °C) and agitation rate (90-180 rpm) as a function of maximum dry 

weight (% w/v) of MGP-functionalised ECL oligomer (MGP-6-O-oligo-ECL). It was 

found that individual variables viz. lipase (XLip), initial -caprolactone (XECL) and 

temperature (XTemp) significantly affect the maximum product formation (p < 0.05). Two-

way interaction effects between variables viz. lipase with initial ECL (XLip XECL), lipase 

with temperature (XLip XTemp), initial ECL with initial MGP (XECL XMGP), and initial ECL 

with temperature (XECL XTemp) were found to be significant (p < 0.05) on the final dry 

weight of functionalised oligomer. Significant two-way interaction between variables 

suggested the presence of confounding effect among the variables studied. From 

descriptive statistic of the half-fractional factorial model, the percentage of variation (R2) 

of the regression model was observed at 99.8 %, which indicated good fitting between 

predicted and actual data. The model validation using residual analysis showed the 

variation among predicted and experimental data was normally distributed. From the 

output of response optimizer program, the best conditions for maximum functionalised 

oligomer production are as follows: lipase loading of (2.8 % w/v), initial ECL (11.46 % 
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w/v), initial MGP (0.04 % w/v), temperature (60.0 °C), and agitation rate (90 rpm). The 

proposed mechanism for the functionalisation includes MGP esterification of ECL 

monomer/oligomer followed by chain elongation with free 6-hydroxyhexanoate 

monomer units, and both steps are catalysed by lipase. A ping-pong bi-bi mechanism 

without ternary complex was proposed for esterification of ECL with MGP with apparent 

values of kinetic constants namely maximal velocity (Vmax), Michaelis constant for MGP 

(KmMGP) and Michaelis constant for ECL (KmECL) at 3.848 × 10-3 M h-1, 8.189 × 10-2 M 

and 6.050 M, respectively. Chain propagation step of MGP-functionalised ECL oligomer 

exhibits the behavior of living polymerization mechanism. The apparent rate constant 

(rApp) of chain elongation showed highest value when ECL concentration was increased. 

Synthesized functionalised oligomer showed narrow range of molecular weight from 

1,400 to 1,600 (g mol-1) with more than 90 % ECL conversion achieved. Spectroscopic 

data established the presence of covalent bonding between terminal hydroxyl group in 

MGP and terminal carboxyl end group of ECL monomer/oligomer. Thermal analysis 

indicated three degradation stages of functionalised oligomer as compared to two stages 

of degradation in neat ECL oligomer. The current study highlighted significant potential 

for enzyme-mediated, one-pot synthetic process in the production of carbohydrate-

functionalised bio-oligomer with controllable molecular weight as platform chemicals. 

 

Keywords: enzyme reactor, functionalisation, lipase, kinetic model, one-pot synthesis. 
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KINETIK BERMANGKIN-LIPASE TERHADAP PENGFUNGSIAN 

MONOMER DAN OLIGOMER EPSILON-KAPROLAKTON DENGAN METIL-

D-GLUKOPIRANOSIDA 

ABSTRAK 

Sintesis satu-reaktor oligomer ester gula telah dihasilkan melalui pengesteran 

bermangkin-lipase di antara epsilon-kaprolakton (ECL) dengan metil-D-glukopiranosida 

(MGP) diikuti oleh tindakbalas pemanjangan rantai monomer/oligomer ECL. Tindak 

balas pengfungsian dilakukan di dalam reaktor kaca yang dilengkapi dengan pengaduk 

turbin Rushton menggunakan tert-butanol sebagai medium reaksi. Reka bentuk 

pemfaktoran pecahan digunakan untuk analisis pembolehubah operasi terpilih iaitu lipase 

(1.2-2.8 % w/v), kepekatan awal epsilon-kaprolakton (3.8-11.5 % w/v), kepekatan awal 

metil-D-glukopiranosida (0.04-0.14 % w/v), suhu (40-60 °C) dan kadar agitasi (90-180 

rpm) terhadap berat kering maksimum (% w/v) MGP-6-O-oligo-ECL. Pemboleh ubah 

individu seperti lipase (XLip), kepekatan awal epsilon-kaprolakton (XECL) dan suhu (XTemp) 

memberi kesan yang signifikan kepada pembentukan maksimum produk (p < 0.05). 

Kesan interaksi dua hala di antara pemboleh ubah iaitu lipase dengan kepekatan awal 

ECL (XLip XECL), lipase dengan suhu (XLip XTemp), kepekatan awal ECL dengan kepekatan 

awal MGP (XECL XMGP), dan kepekatan awal ECL dengan suhu (XECL XTemp) adalah 

signifikan (p < 0.05) pada penghasilan berat kering oligomer terfungsi. Nilai p yang 

signifikan bagi interaksi dua hala di antara dua pemboleh ubah menunjukkan kewujudan 

kesan korelasi di antara pemboleh ubah yang dikaji. Berdasarkan analisis statistik 

deskriptif bagi model pemfaktoran pecahan, peratusan variasi (R2) bagi model regresi 

adalah sebanyak 99.8% di mana ia menunjukkan ketepatan padanan yang baik antara data 

ramalan dan data eksperimen. Pengesahan model menggunakan analisis pembakian 

menunjukkan variasi di antara taburan sampel adalah normal. Berdasarkan program 

pengoptimum respon, keadaan terbaik untuk penghasilan berat kering maksimum 
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oligomer terfungsi adalah seperti berikut: lipase (2.8 % w/v), kepekatan awal ECL (11.46 

% w/v), kepekatan awal MGP (0.04 % w/v), suhu (60.0 °C) dan kadar agitasi (90 rpm). 

Mekanisma yang dicadangkan untuk langkah-langkah tindak balas pengfungsian 

termasuklah pengesteran di antara MGP dan monomer/oligomer ECL diikuti oleh 

pemanjangan rantai oleh unit monomer 6-hidroksihexanoat bebas di mana kedua-dua 

tindak balas menggunakan tindakbalas bermangkin-lipase. Mekanisma ping-pong bi-bi 

tanpa kompleks bertiga telah dicadangkan untuk tindak balas pengesteran ECL dan MGP 

dengan nilai ketara seperti pemalar kinetik iaitu halaju maksima (Vmax), pemalar 

Michaelis untuk MGP (KmMGP) dan pemalar Michaelis untuk ECL (KmECL) masing-

masing pada 3.848 × 10-3 M h-1, 8.189 × 10-2 M dan 6.050 M. Tindak balas pemanjangan 

rantai oligomer terfungsi menunjukkan ciri-ciri mekanisme pempolimeran hidup. 

Pemalar kadar ketara (rApp) rantai pemanjangan menunjukkan nilai tertinggi apabila 

kepekatan ECL meningkat. Oligomer yang terhasil menunjukkan berat molekul dalam 

julat yang kecil daripada 1,400 hingga 1,600 (g mol-1) dengan lebih 90 % penukaran 

monomer dicapai. Analisis struktur NMR dan FTIR telah mengesahkan kehadiran ikatan 

kovalen antara kumpulan hidroksil terminal di MGP dengan kumpulan karboksil terminal 

monomer/oligomer di dalam ECL. Analisis terma menunjukkan tiga tahap degradasi bagi 

oligomer terfungsi berbanding dengan dua peringkat di dalam oligomer yang tidak 

terfungsi. Melalui kajian ini potensi tindak balas bermangkin-lipase menunjukkan potensi 

signifikan untuk proses sintetik satu-reaktor di dalam penghasilan karbohidrat terfungsi 

bio-oligomer dengan berat molekul terkawal sebagai pelantar kimia. 

 

Kata Kunci: reaktor enzim, pemfungsian, lipase, model kinetik, sintesis satu-reaktor. 
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CHAPTER 1: INTRODUCTION 

1.1 Introduction 

Approximately 6,300 metric tons of plastic was generated in 2015 where only 9 % of 

the waste recycled, 12 % incinerated and 79 % disposed in landfills (Geyer et al., 2017). 

By 2050, it is projected that approximately 12,000 metric tons of plastic waste will be 

accumulated in landfills. The discharge of plastic waste into the environment without 

proper management can cause dangerous impact in marine ecosystem (Jahnke et al., 

2017; Lamb et al., 2018), freshwater ecosystem (Li et al., 2018), soil (Scheurer & Bigalke, 

2018) and food chain (Romeo et al., 2015). 

Global increase in recalcitrant plastic material disposal and waste, alongside the 

instability in the prices of fossil-based resources has prompted the search for alternative 

and/or substitute materials. Dozens of polyester-based medical devices are commercially 

available with new inventions introduced to the market yearly. The needs for 

biodegradable polyester in niche applications have contributed significantly for the 

growth of technology-based enterprises. The current market for biodegradable materials 

in regenerative implantation surgeries, therapeutic cell culturing and tissue repair is 

approximately US $23 billion, and it is anticipated to reach US $94.2 billion by the end 

of 2025 (Manavitehrani et al., 2016). Improvement of hydrophilicity and biodegradability 

of polyester is often needed for intended biomedical applications. Specific polymer 

properties are required for specialized devices to be used in bone scaffolding, dental 

materials, drug delivery, etc. The modification of biodegradable polyester to meet such 

requirements can be achieved through functionalisation of the polymer with specific 

chemical groups. 

Functionalisation is often associated with chemo-enzymatic synthesis. 

Functionalisation can be defined as a process where one or more chemical groups are 

Univ
ers

ity
 of

 M
ala

ya



2 

introduced into polymer molecule that imparts specific chemical, physical, biological, 

pharmacological or other functions. The chemical groups could be categorized as 

functional group in the form of small moieties, monomer and even copolymers. They are 

used in the functionalisation process to produce functionalised polymer. In general, there 

are two ways of implementing functionalisation viz. in vivo biological or in vitro synthetic 

approach which proper selection should be made according to the requirements. The in 

vivo functionalisation is a process using living organism to produce functionalised 

polymer through fermentation or biotransformation processes. In vitro functionalisation 

involves physico-chemical or chemo-enzymatic synthesis, and carried out in scales 

ranging from microfluidic reactor to large industrial volume. 

Functionalised polymers with various functional groups had improved the targeted 

properties of original neat polymer initially lacking. Novel properties can also be 

introduced into the neat polymers via functionalisation. The functionalised polymer 

produced from the enzymatic process is often suitable for human consumption and 

application. Polymer with carbohydrate functionalities are of interest due to the special 

properties the attached moieties present. Carbohydrates contain functional group 

including hydroxyl (-OH), ethers (R-O-R’), aldehydes (R-C(=O)-H) and/or ketones (R-

C(=O)-R’). Most of the carbohydrate functional groups are characterized by its non-ionic, 

biodegradable and surfactant properties. The amphiphilic nature of carbohydrate 

functionalities has promoted their versatility in food emulsifiers, detergents, cosmetic 

removal, biomedical and electronic appliances (Kang et al., 2015; Molinier et al., 2006; 

Varma et al., 2004). It is also possible to perform environmental-friendly enzymatic 

esterification process followed by chemical radical polymerization for the synthesis of 

carbohydrate-functionalised polymer. 

In this study, polycaprolactone (PCL) was functionalised with methyl-D-

glucopyranoside (MGP) in one-pot lipase-catalysed synthesis. Cyclic lactone i.e. ε-
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caprolactone (ECL) was used as starting monomer for the functionalisation study. PCL 

was preferred for the functionalisation study due to its broad spectrum of compatibility 

with a wide range of polymers and functional groups (Dash and Konkimalla, 2012; 

Mohamed & Yusoh, 2016). Furthermore, synthesis of PCL from ECL monomer is 

advantageous with the presence of hydroxyl and carboxyl group at the terminal end of the 

PCL chain (Wilberth et al., 2015; Liu et al., 2016). Compared to other branched polymers, 

biodegradable PCL provides an excellent model for the study of lipase-catalysed 

functionalisation reaction without side reactions due to its linear chain structure. 

The enzymatic functionalisation is a complex reaction with many physical and 

biochemical factors affecting overall functionalisation reaction. Investigation of selected 

key variables for the reaction is required for the enzymatic functionalisation at reactor 

scale. Kinetic mechanism studies in the enzyme-catalysed functionalisation are essential 

in the reactor design optimization for the improvement in yield of functionalized product. 

Hence, cost of functionalized product can be potentially lowered. 

In this study, the effects of selected key variables on one-pot synthesis of MGP-

functionalised ECL oligomer (MGP-6-O-oligo-ECL) in a bench-scale custom-fabricated 

enzymatic reactor were investigated. Screening of significant variables was carried out 

using design of experiment (DOE). Key variables including lipase amount, initial ECL 

concentration, initial MGP concentration, temperature and agitation rate were evaluated 

by using half fractional factorial design (2k-1). The mechanism and kinetic of lipase-

catalysed esterification of ECL by MGP and subsequent elongation of oligomeric sugar 

ester by free 6-hydroxyhexanoate monomer units as a model for functionalised oligomer 

production was investigated. Ping-pong bi-bi mechanism was proposed for the reaction 

between ECL and MGP molecules in the esterification step of the functionalisation 

reaction. For chain propagation step, living polymerization mechanism was investigated. 
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1.2 Research Objectives 

1. To study the effects of selected reaction variables on the lipase-catalysed MGP 

functionalisation of ECL oligomer and its production in batch reactor; 

2. To investigate the kinetic mechanisms of lipase-catalysed esterification of ECL 

monomer/oligomer by MGP, and elongation of the esterified compound by free 6-

hydroxyhexanoate units; 

3. To characterize the functionalised oligomer based on the chemical structure 

authentication, molecular weight analysis and thermal properties. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Polycaprolactone 

Polycaprolactone (PCL) is biodegradable aliphatic polyester, composed of repeating 

hexanoate units. The chemical structure of PCL features the ester functional group, 

hydroxyl and carboxyl end group, and repeating unit of methylene group (Figure 2.1). 

The majority of PCL is mainly synthesized either from ring opening polymerization of -

caprolactone (ECL) or polycondensation of 6-hydroxycaproic (6-hydroxyhexanoic) acid. 

 

Figure 2.1: Chemical structure of neat PCL (Modified from  Bosworth & Downes, 2010)  

 

The semicrystalline polymer (up to 70 % of crystallinity) has a wide range of properties 

in terms of physical, thermal and mechanical. The properties of PCL are depending on 

the molecular weight and its degree of crystallinity (Table 2.1) (Labet & Thielemans, 

2009). The average molecular weight of PCL depend on the molecular weight of repeat 

unit ECL monomer at 114.14 g mol-1. Natta et al. (1934) has published the first article on 

the synthesis of PCL with high molecular weight from ECL monomer. The melting point 

of the PCL is around 60 °C with glass transition temperature of -60 °C. At room 

temperature, PCL exhibits good solubility in non-aqueous medium such as chloroform, 

dichloromethane, toluene, etc. In contrast, PCL displays poor solubility in alcohols, 

petroleum ether and water. As a result, PCL has been widely employed in the organic 

synthesis for the production of new polymers. 
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Table 2.1: Properties of biodegradable PCL. 

Properties Range  Reference 

Molecular weight of monomer, 
Mn (g.mol-1). 

114.14  Duda et al. (2002). 

Density, 
ρ(g.cm-3). 

1.073 
1.110 
1.140 
1.141 

 Wang et al. (2005), 
Van de Velde & Kiekens (2002), 
Estelles et al. (2008), 
Ketelaars et al. (1997). 

Glass transition temp, 
Tg (°C). 

-61.5 
-64.3 
-60.0 
-67.0 

 Averous et al. (2000), 
Wang et al. (2005), 
Cava et al. (2007), 
Avella et al. (2000). 

Melting temp, 
Tm (°C). 

62.0 
58.0 
60.0 

 Avella et al. (2000), 
Van de Velde & Kiekens (2002), 
Tokiwa et al. (2009). 

Decomposition temp,  
(°C). 

350  Lam et al. (2007). 

Tensile strength, 
σ (MPa). 

14 – 300 
27.3 – 378.0 
16.9 – 429.1 
20.7 – 42.0 

 Granado et al. (2008), 
Correlo et al. (2005), 
Rosa et al. (2004), 
Van de Velde & Kiekens (2002). 

Young modulus, 
EY (GPa). 

0.21 – 0.44  Van de Velde & Kiekens (2002). 

Elongation at break, 
ɛ (%). 

300 - 1000  Van de Velde & Kiekens (2002). 

 

PCL exhibits unique properties due to their excellent miscibility when blending with 

different polymers including polyvinyl chloride, polycarbonate, polystyrene, etc. The 

ability of PCL to blend with other polymers have further increased the interest on new 

materials for application in the drug delivery systems (Fereshteh et al., 2016), packaging 

materials (Ortega-Toro et al., 2015), bone scaffolding (Yao et al., 2017), etc. 

PCL polymer is degradable in nature. PCL biodegrades within several months to years 

depending on the molecular weight, crystallinity degree and degradation conditions 

(Woodruff & Hutmacher, 2010). A wide range of aerobic and anaerobic microorganisms 

has been studied for their biodegradation activities on PCL which including Pseudomonas 

sp. (Uscategui et al., 2016), Penicillium sp. (Li et al., 2012), Clostridium sp. (Abou-Zeid 

et al., 2001), Ralstonia sp. (Shah et al., 2015), etc. In addition to microbial degradation, 

PCL can be degraded by enzymes such as lipase and esterase (Lin et al., 2013). 
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PCL has received much attention due to the concern on toxicity effects of the chemical-

based polymers. It is synthesized from monomers obtained from microorganisms by using 

wide range of catalysts such as organic-, metal- and enzyme-based (Leisch et al., 2011). 

Due to the wide range of catalyst suitable for the ring opening polymerization of PCL, 

the effects of different catalytic systems influence the properties of synthesized PCL. 

Organic catalyst can be highly effective for the ring opening polymerization of 

macrolactone such as polypentadecalactone (PDL) and the copolymerization of PDL and 

CL except it may produces PCL with moderate molecular weight (Bouyahyi et al., 

2012). In other hand, the metal-based catalyst including aluminium, tin and zinc has been 

reported to produce low molecular weight PCL (Bouyahyi & Duchateau, 2014). 

The used of biocatalyst has improved the biocompatibility and biodegradability of 

synthesized PCL for advanced biomedical applications. Furthermore, the environment for 

biocatalysis only requires mild reaction condition without toxicity effects. Biomedical 

applications of PCL synthesized from lipase-catalysed polymerization has been reported 

which includes scaffolds fabrication (Korzhikov et al., 2013) and drug delivery system 

(Piotrowska & Sobczak, 2015). The enzyme-substrate specificity, mild reaction condition 

and toxic free catalysts are the main features of biocatalyst reaction system for sustainable 

process (Champagne et al., 2016; Kobayashi, 2015). 

 

2.2 Ɛ-Caprolactone Monomer 

Seven-membered ring of ɛ-caprolactone (ECL) or simply caprolactone is a cyclic ester 

categorized in lactone family group. ECL usually forms colourless liquid miscible with 

most organic solvents. ECL has been extensively used as monomer for the production of 

biocompatible and biodegradable PCL. Various factors that influence the ability of these 

monomer to polymerize are related to the strain of the rings, Gibbs free energy of ring 

opening polymerization and the conformational linear model of the corresponding 
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homopolyester (Aleman et al., 2009). The Gibbs free energy of the ring opening 

polymerization calculated for ECL, an exergonic process, was found to be within -0.1 to 

-3.8 kcal.mol-1 (Aleman et al., 2009; Duda et al., 2005; Save et al., 2002). 

Although lactone rings are widely distributed in nature in the form of building blocks, 

lactone can be synthesized through the intra-molecular esterification. ECL is usually 

prepared through the oxidation of cyclic ketones based on the Baeyer–Villiger oxidation 

(Chen et al., 2009). Enzyme-mediated synthesis of ECL monomer via Baeyer-Villiger 

oxidation has been widely used in the production of biodegradable PCL suitable for 

human consumption (Bucko et al., 2016; Drozdz et al., 2013). 

 

2.3 Methyl-D-glucopyranoside 

Methyl-D-glucopyranoside or methylglucoside (MGP) is a derivative of glucose, 

which contain methoxy group in carbon one (C1). MGP can be prepared by the acid-

catalysed methylation of glucose with methanol. The general structure of MGP is 

classified as anomer with different configuration of C1 known as anomeric carbon (Figure 

2.2). MGP is widely used for the reaction in a non-aqueous medium as compared to 

glucose. In the presence of methoxy group (-OCH3) in C1, the poor solubility of glucose 

with hydroxyl group in C1 can be reduced. The presence of methoxy group in C1 of MGP, 

has increased its potential application in non-aqueous synthetic reaction. Currently, MGP 

is used as intermediate in the production of emulsifiers, surfactants, resins, etc. 

(Belmessieri et al., 2017; Charoensapyanan et al., 2016). 

 

  

Univ
ers

ity
 of

 M
ala

ya



9 

 

Figure 2.2: (A) Methyl α-D-glucopyranoside; (B) Methyl β-D-glucopyranoside 
(Adapted from Aguilar & Guareno, 2000) 

 

2.4 Synthesis of Polycaprolactone 

In 1934, Natta and co-workers published the first paper on synthesis of biodegradable 

high molecular weight polycaprolactone (PCL) by heating a reaction mixture containing 

monomer ε-caprolactone (Natta et al., 1934). As described in the literature, biodegradable 

PCL is synthesized via polycondensation and ring opening polymerization. Another 

feasible route of synthesizing biodegradable PCL is via polycondensation of 6-

hydroxyhexanoic acid (Braud et al., 1998; Stanley et al., 2014). However, a high 

molecular weight and low dispersity PCL can be synthesized through ring opening 

polymerization of the cyclic ester (Sisson et al., 2013). 

 

2.5 Ring Opening Polymerization 

According to International Union of Pure and Applied Chemistry (IUPAC), ring 

opening polymerization is a polymerization in which a cyclic monomer yields a 

monomeric unit which is acyclic or contains fewer cycles than the monomer (Penczek & 
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Moad, 2009). If the monomer is polycyclic, the opening of a single ring is sufficient to 

classify the reaction as ring-opening polymerization. The general scheme of ROP 

involves opening of cyclic ring system and its polymerization into a longer chain. ROP 

mechanism can be classified into four different mechanisms namely anionic, cationic, 

monomer-activated and coordination-insertion. The classified mechanisms are dependent 

on the type of catalyst. Due to the high polarity of lactone monomer in nature, numerous 

nucleophiles can react to initiate ROP process. The presence of co-initiator for ROP of 

lactone monomer is required for certain nucleophilic initiator. As previously reported, the 

driving force for the ROP processes is the effect of ring strain of the cyclic monomer. 

Thermodynamically, the opening of cycling ring shows the relief of ring strain that 

enables the system to overcome the standard entropy state (Elling & Xia, 2015). The 

enthalpy change in the ROP processes is negative suggests the overall ROP processes is 

exergonic (Darensbourg & Yeung, 2014; del Rosal et al., 2015). 

 

2.6 Mechanisms of Ring Opening Polymerization 

Generally, there are four main mechanisms for ring opening polymerization of 

polycaprolactone (PCL) that depends on the type of catalyst. The four mechanisms of 

ROP are anionic, cationic, monomer activated and coordination-insertion (Table 2.2). 

Anionic and cationic mechanisms are considered as the simplest form of ROP mechanism 

which require initiator either nucleophile or electrophile to initiate ring opening of cyclic 

lactone into either anionic species or cationic species, respectively. Despite the wide 

range of nucleophiles available, the anionic and cationic mechanism have several 

drawbacks. One of the significant drawbacks is the occurrence of intra-molecular 

transesterification or "back-biting reaction" causing the formation of low molecular 

weight polymers and formation of cyclic oligomers (Jeon et al., 2016; Labet & 

Thielemans, 2009; Neitzel et al., 2016; Xia et al., 2016).
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Table 2.2: Different reaction mechanisms of ring opening polymerization. 

Mechanism Catalyst/Initiator Reaction Mechanism 
Anionic 
(Endo, 2009) 

Initiator: Nucleophilic reagents 
(Nuc-), organometals, alcohols, 
water, etc. 
 

 Initiation: Nucleophilic attack of Nuc- towards functional group of monomer 
 Propagation: Nucleophilic attack of growing chain end towards functional group of monomer 

Cationic 
(Endo, 2009) 

Initiator: Electrophilic reagents 
(E+), Bronsted acid, Lewis acid, 
alkyl esters, etc. 

 Initiation: nucleophilic attack of functional group of monomer towards the E+ initiated overall 
reaction 

 Propagation: Nucleophilic attack of lone electron pair of monomer towards the cationic centre due 
to ring opening 

 
Activated monomer 
(Zhang et al., 2018) 

Catalyst: Enzyme, metal based 
alkaline, Bronsted acid 
 
Initiator: Alcohol, water 

 Activation: Nucleophilic attack of Nuc- towards functional group of a monomer to produce activated 
monomer, (AM) 

 Propagation: Further nucleophilic attack of AM towards another monomer resulting in formation of 
anionic species (propagating species) 

 Further activation: Propagating species is acting as base for another monomer activation cycle 
 

Coordination 
insertion 
(Mezzasalma et al., 
2017) 

Initiator: Metal alkoxides 
initiators (Stanium, titanium, 
zinc and aluminium) 

 First Transition State (TS1): Nucleophilic attack of metal alkoxide initiator (acting as active centre) 
towards carbonyl group of monomer to produce TS1 

 Second Transition State (TS2): Rearrangement of metal alkoxide ligand with oxygen atom of 
monomer (Sn-O) via acyl-oxygen bond cleavage resulting in second transition state (TS2) 

 
Enzyme-catalysed 
synthesis 
(Barrera-Rivera et 
al., 2009) 

Catalyst: Lipase 
 
Initiator: Alcohol, water 

 Initiation: Nucleophilic attack of OH group in the enzyme active site towards carbonyl group of 
cyclic monomer 

 Propagation: Nucleophilic attack of terminal hydroxyl group of enzyme-substrate complex or 
propagating species towards carbonyl group of cyclic monomer 

 

 

1
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By contrast, the activated monomer of ROP (Figure 2.3) is characterized by the 

insertion of initiator molecules into monomer resulting in monomer activation (Ajellal et 

al., 2010; Albertsson & Varma, 2003). As previously studied, the activated monomer 

mechanism is initiated by nucleophilic attack of OH group to produce activated monomer  

(Ajellal et al., 2010). Moreover, metal triflates including aluminium triflate, zinc triflate, 

magnesium triflate and calcium triflate have been used as initiator with alcohol as co-

initiator in the production of aliphatic polyester (Ajellal et al., 2010). Despite the potential 

for PCL production, most of the initiators in activated monomer mechanism are 

considered highly toxic and non-environmental friendly for the biomedical application. 

Thus, the biological catalyst such as lipase is preferred for PCL production. The 

application of lipase-catalysed ROP is considered to proceed via activated monomer 

mechanism; published reports suggested that the rate-determining step is the formation 

of enzyme-activated monomer (Panova & Kaplan, 2003; Zhang et al., 2018). 

 

Figure 2.3: Activated monomer mechanism of lipase-catalysed ring opening 
polymerization (Adapted from Jerome & Lecomte, 2008)  
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The coordination insertion mechanism of ROP has been well documented for their 

high molecular weight and controllable stereochemistry properties. Different kinds of 

metal alkoxides including tin alkoxides, titanium alkoxides, zinc alkoxides and 

aluminium alkoxides have been used as initiator. The coordination insertion mechanism 

is characterized by the formation of ligand between metal alkoxide and monomer (Sn-O) 

via acyl-oxygen bond cleavage (Figure 2.4). Generally, the reaction coordinates of the 

mechanism involve several steps and states, which specifically depends on the type of 

metal alkoxides used. For example, the used of Sn alkoxides as initiator requires six steps 

with seven states which can be explained from transition state theory (Sattayanon et al., 

2015). However, the used of metallic initiators for ROP requires high temperatures and 

longer reaction time that lead to the intra-molecular transesterification process 

(Mezzasalma et al., 2017; Sun et al., 2015). 
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Figure 2.4: Coordination insertion mechanism of ring opening polymerization (Adapted 
from Sattayanon et al., 2015) 

 

2.7 Enzyme-Catalysed Ring Opening Polymerization 

Enzymes are biocatalyst that accelerates biochemical process by converting substrate 

into products. The macromolecular biocatalyst is mainly globular protein classified into 

oxidoreductase, transferases, hydrolases, lyases, isomerases and ligases. Enzyme activity 

can accelerate reactions by lowering the activation energy. Although enzyme role in 

nature is mostly involving in vivo system, its in vitro application is not limited per se. 

Enzymes have been isolated from the cells to be used in vitro either in aqueous or organic 
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medium for a specific reaction. Currently, enzymes have been applied in various 

biotechnological applications at industrial scale. Among the benefits of using enzymes 

include (i) highly selective with regards to chemoselectivity, enantioselectivity and 

regioselectivity, (ii) requires mild reaction conditions, (iii) environmental-friendly 

process due to non-toxic property of biocatalyst, etc. 

Lipase enzyme is well known biocatalyst responsible for fatty acid esters hydrolysis 

in the aqueous media. Lipase has unique features since the enzyme can be used in organic 

solvent. In the non-aqueous media, lipase undergoes esterification by catalysing the 

formation of ester bond. The importance of lipase-catalysis in organic synthesis has 

provided opportunity in the preparation of wide range of chemical compounds. 

Tremendous progress in enzymology, enzymatic engineering and process development 

has contributed into the production of tailor-made enzymes making it possible to avoid 

disadvantages of natural enzymes for specialized catalysis. 

 

2.7.1 Lipase 

Lipase (triacyl glycerol hydrolases, EC 3.1.1.3) is well recognized as remarkable 

enzyme that catalyses wide range of substrates in hydrolytic and synthetic reactions. 

Lipase is primarily responsible for the hydrolysis of substrates in aqueous medium 

(Ferrario et al., 2011; Guo et al., 2015; Marten et al., 2003; Tsai & Chang, 1993) whereas 

in non-aqueous medium, lipase-catalyses synthesis reaction. At equilibrium, a substrate 

is hydrolysed by lipase in the presence of high water activity in aqueous media, but this 

equilibrium reaction shifts towards synthesis when reaction is performed in non-aqueous 

media with low water activity (Chamouleau et al., 2001; Humeau et al., 1998). Lipase 

catalyse reversible reaction between hydrolysis and synthesis. However the reversible 

reaction of lipase depends on the reaction conditions, solvent polarity, by-product 

formation, etc. (Champagne et al., 2016). 
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Lipase has been successfully used as biocatalyst for the ROP of a wide range of lactone 

monomer at different ring sizes suggesting its broad substrate specificity. Lipase-

catalysed ROP has gained much attention since the backbone chain of synthesized 

polymer inherits the heteroatoms and functional groups of its corresponding monomers 

(Endo & Sudo, 2016). The application of lipase-catalysed ROP is considered important 

for the development of well-defined and tuneable biopolymer for applications in 

pharmaceutics, advanced biomaterials, electronics, and etc. Lipase abilities in the 

production of well-defined PCL with targeted end-functionalities become a major 

attraction. The ability to incorporate a wide range of different end-functional groups on 

the PCL has received much attention from its resulting biodegradability and 

biocompatibility, as well as the characteristic of end groups (Albertsson & Varma, 2003; 

Zhu et al., 2015). 

PCL with a wide range of molecular weight from 500 to more than 100,000 g mol-1 

has been synthesized with lipase as biocatalyst. Various organisms have been reported to 

be able to produce significant quantities of lipase. Commercially available lipases are 

isolated from animals, plants and microorganisms. The production of pancreatic lipase 

from porcine has been widely commercialized due to its economical preparation. 

Although it has been used to a lesser extent relative to microbial lipase, porcine pancreatic 

lipase (PPL) exhibits high stability in anhydrous medium (Mendes et al., 2012). 

Lipases isolated from various microbial sources are the most significant ones. Lipases 

from various microbial species have been extensively studied due to their versatility in 

catalytic activities, high yield, ease of genetic manipulation, rapid production, regular 

supply as well as inexpensive microorganism growth media (Hasan et al., 2006; Singh et 

al., 2016). Microbial enzymes are also more stable and their production is more expedient 

and safer (Matsumura, 2006). Microbial species including Candida antarctica, 

Pseudomonas fluorescens, Aspergillur niger, Burkholderia cepacia and etc., are among 
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the lipase-producer microorganisms (Hasan et al., 2006; Namekawa et al., 1998; Shoda 

et al., 2016). Lipase ability to synthesize PCL with high molecular weight depends on the 

type of monomer and reaction condition. By comparison, microbial lipases have 

advantages over animal lipases due to their wide variety of catalytic activities. 

Investigation on lipases of different origins in the ROP of -caprolactone monomer for 

the production PCL is summarized in Table 2.3. 

Table 2.3: PCL from enzyme-catalysed ring opening polymerization of ECL. 

Source of Enzyme Mn (g mol-1)  Reference 
Aspergillus niger 780  Kobayashi et al. (1998) 
Candida antarctica 2,900  Sobczak (2012) 

4,500  Kikuchi et al. (2002) 
Candida cylindracea 1,000  Kobayashi et al. (1998) 
Pseudomonas cepacia 3,900  Sobczak (2012) 
Pseudomonas fluorescencs 3,000  Sobczak (2012) 

7,000  Uyama et al. (1997) 
Rhizopus japonicus 840  Namekawa et al. (1999) 
Trichosporon laibacchii 2,168  Zhang et al. (2018) 
Yarrowia lipolytica 10,700  Barrera-Rivera & Martinez-Richa 

(2017) 
 

2.7.2 Candida antarctica Lipase B 

Lipase isolated from yeast Candida antarctica (CalB) is made up of 317 amino acids 

with molar mass of 33 kDa. The active site of CalB consists of amino acid residues 

Serine105, Histidine224 and Aspartate187 which are protected by the amphiphilic lid 

structure. During the interfacial activation, the lid structure undergoes conformational 

changes allowing micellar substrates to penetrate enzyme active site. Within the catalytic 

site, the Ser105 residue of the active site will bind to the substrate to form the enzyme-

substrate intermediate. There is evidence to suggest that region of the lid, a mobile 

amphipathic structure which covers the catalytic active site of most lipases play 

significant role in modulating the enzyme activity, specificity, enantio-selectivity and 

stability of the enzymes (Secundo et al., 2006; Stergiou et al., 2013). 
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Lipases (EC 3.1.1.3; triacylglycerol hydrolases) are thought to be activated when they 

encounter the water–lipid interface causing a “lid” region to move and expose the 

catalytic site (Cheng et al., 2012; Ericsson et al., 2008; Skjold-Jorgensen et al., 2015). 

The presence of lid region in the lipase structure enhance enzyme stability at low water 

content. The moveable lid region protects the enzyme active site at the interface between 

hydrophobic solvent and hydrophilic region. There is evidence that suggest that the region 

of the lid, a mobile amphipathic structure which covers the catalytic active site of most 

lipases play significant role in modulating the enzyme activity, specificity, 

enantioselectivity and stability of the enzymes (Secundo et al., 2006; Stergiou et al., 

2013). 

 

2.8 Reaction Parameters in Lipase-Catalysed Ring Opening Polymerization 

2.8.1 Effect of Reaction Medium 

Products from the non-aqueous reaction system have received much attention due to 

their applications in cosmetics, fine chemicals, pharmaceuticals, food ingredients and 

recently in advanced biomedical. In the case of PCL, lipase-catalysed ring opening 

polymerization is carried out in the non-aqueous medium due to low solubility of PCL in 

the aqueous medium. The non-aqueous media include organic solvent system, ionic 

liquids, supercritical fluid system, bulk substrates, etc. have been previously reported for 

the lipase-catalysed ring opening polymerization (Deng & Gross, 1999; Polloni et al., 

2017; Zhao, 2018; Zhao et al., 2017). 

The rate of polymerization in different non-aqueous media depends on the polarity of 

the solvent. Solvents with different polarities are measured via solvent log P. It is 

suggested that higher log P of a particular solvent will results in better activation of the 

enzyme active site (Romero et al., 2012; Yadav & Devendran, 2012). The used of 

deuterated solvent as reaction medium in lipase-catalysed ROP shortened the reaction 
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time to less than 8 hours with conversion more than 90 % (Mei et al., 2002). However, 

solvent with high log P value does not always correlate with high lipase catalytic activity 

when a substrate exhibits poor solubility in a particular solvent. These factors resulted in 

varied catalytic activities of lipase for solvents with different log P values. The effects of 

different functional group for solvents with same log P values also exhibit varied 

behaviour of catalytic activities for lipase; it shows higher relative activities in solvents 

with functional groups of nitrile and carbonyl (Yang et al., 2012). 

 

2.8.2 Effect of Reaction Temperature 

The role of temperature in lipase-catalysed ring opening polymerization is crucial 

since it influences lipase stability, solubility of reactants and products, rate of 

polymerization and thermodynamic equilibrium of the system. Lipase from Candida 

antarctica is the most common enzyme used in ROP of lactone with various ring sizes 

since it is stable at temperature between 60 to 80 ºC (Yoshida et al., 2006). It has been 

reported that temperature clearly influence the molecular weight of synthesized PCL and 

their degree of crystallinity (He et al., 2015). It has also been shown that PCL synthesized 

at lower temperature of 37 ºC is suitable for the growth of fibroblast cell due to the 

biocompatibility of the synthesized polymer (García-Argüelles et al., 2015). Furthermore, 

the percentage of monomer conversion increases as with temperature. The formation of 

enzyme-substrate complex increases as thermodynamic equilibrium is shifted towards 

product formation at higher temperature. 

When reaction time is increased from 24 to 48 hours at higher temperature, it reduces 

the molecular weight of synthesized PCL due to predominant side reaction such as 

backbiting mechanism and -scission (Liu et al., 2014; Yang et al., 2011). Temperature 

elevation up to 90 ºC in the ROP significantly altered the properties of 

polypentadecanolide with respect to its molecular weight and the crystallinity (Herrera-
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Kao et al., 2015). Furthermore, the issues regarding enzyme denaturation and deactivation 

as well as the non-enzymatic thermal initiation could arise from high reaction 

temperature. Low crystallinity of PCL is due to the build-up in the number of terminal 

hydroxyl group which disrupt the crystalline structure of the polymer (Herrera-Kao et al., 

2015). Specifically, higher temperature promotes backbiting mechanism and -scission 

resulting in significant generation of terminal hydroxyl group (Liu et al., 2014). Table 2.4 

summarizes the temperature effects on selected variables in lipase-catalysed ROP of -

caprolactone. 

Table 2.4: Effect of temperature on molecular weight and conversion in lipase-catalysed 
ring opening polymerization of ECL. 

Medium Temp. 
(ºC) 

Time 
(h) 

Mn 
(g mol-1) 

Conv. 
(%) 

Reference 

Sc-CO2 35 24 50,000 100 Thurecht et al. (2006) 
Toluene-d8 20 7 17,800 97 Mei et al. (2002) 
Toluene 60 24 15,600 55 Marcilla et al. (2006) 
sc-CO2 65 2 7,400 - He et al. (2015) 
Toluene 40 460 15,600 98 Zhang et al. (2012) 
Toluene 80 24 1257 98 Todea et al. (2018) 
Temp.: Temperature; Mn: molecular weight, Conv.: conversion, Sc-CO2: supercritical CO2 

 

2.8.3 Effect of Substrates 

One of the major concerns in lipase-catalysed ring opening polymerization is the effect 

of unwanted side reaction(s). To overcome it, there should be an excess concentration of 

acyl donor i.e. -caprolactone monomer. The molecular weight of polymerized PCL 

depends on the effect of hydrolysis and cyclization governed by thermodynamics 

equilibrium. The excess amount of -caprolactone increases the ratio of acyl donor to acyl 

acceptor resulting in increased formation of oligomers. According to ring-chain 

equilibrium principle, high concentration of acyl donor is required to obtain high 

molecular weight PCL. Thus, polymerization with bulk substrate is preferred since the 

reaction mixture is saturated with acyl donor substrate (Habeych et al., 2011). Lipase-

catalysed ring opening polymerization of ECL in bulk substrates has been widely 
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reported. Several important considerations regarding the lipase-catalysed ring opening 

polymerization in bulk substrates including the amount of water in reaction medium and 

solubility of other reactants and products have been highlighted in previous studies 

(Marcilla et al., 2006; Uyama et al., 1997). 

In the case of multi-substrate reaction, bulk concentration of a single substrate may 

reduce the solubility of other substrates. Thus, the probability of reaction moving forward 

will depend on the substrate availability to penetrate enzyme active site. Poor solubility 

of certain substrates may hinder the polymerization of desired product. To overcome this 

problem, the use of solvent with appropriate log P, is important not only to solubilize the 

reactants but also to maintain the enzyme catalytic activity. Alternatively, the application 

of ionic liquids also provide a greener and sustainable process in the face of toxicity issue 

for many organic solvents (Marcilla et al., 2006). The application of new reaction 

environment such as supercritical system has emerge as another alternative to the 

conventional system (Matsumura et al., 2001). Finally, separate consideration relating to 

low water content in bulk substrate system on the catalytic activity of lipase should be 

made, since a small amount of water is required for enzyme hydration. Therefore, proper 

selection of reaction medium is crucial to obtain desired product(s) (Kobayashi, 2010). 

 

2.9 Functionalised Polycaprolactone 

Modification of biodegradable polyesters has received great attention due to the 

requirements of advanced biomedical applications in recent years. Functionalisation 

introduces a chemical group into polymer molecule to exert specific chemical, physical, 

biological, pharmacological or other functions. The chemical groups in the form of small 

moiety, monomer and even copolymer are used in the functionalisation of polymer. 

Improvement of desired properties such as degradation rate, mechanical strength and 

stimuli-responsive capability towards environmental changes are important in the 
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development of novel materials with biocompatible characteristic (de Gracia Lux et al., 

2012; Tian et al., 2012). Biodegradable polycaprolactone (PCL) has received much 

attention in the past few years due to its superior rheological and viscoelastic properties. 

Furthermore, its manufacturing process is relatively inexpensive, in addition to being 

easily manipulated physically, chemically and biologically. Functionalised PCL is a 

potential candidate for various applications due to its biodegradability and 

biocompatibility. 

Biodegradability of PCL suggests the polymer can be degraded in nature through 

microbial activities. However previous studies indicated that PCL are not biodegradable 

in animal and human bodies (Vert, 2009). The slower degradation rate of functional PCL 

in mammalian environment makes the polymer more suitable for longer period in vivo 

applications (Labet & Thielemans, 2009). Evaluation of the biodegradation of 

functionalised PCL based on results from haematology, clinical chemistry and histology 

studies demonstrated that functionalised PCL polymers are biocompatible and safe for 

human consumption (Pulkkinen et al., 2009). 

Biocompatibility of PCL refers to the ability of a material to perform with an 

appropriate host response in a specific application (Williams, 2003). Host responses such 

as immunogenic, carcinogenic and thrombogenic have been conducted for functionalised 

PCL in in vivo system. Biocompatibility of functionalised PCL has received much 

attention for the application of bone regeneration. The use of PCL scaffold in animals for 

the formation of new bone at the region of scaffold, and defect sites of human bodies have 

been widely accepted (Reichert et al., 2011). Long-term study of biocompatibility of 

functionalised PCL is crucial in view of scaffold implantation in human bodies for the 

regeneration of new tissues. It requires almost three years for complete clearance of 

implant (Meek & Jansen, 2009). 
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2.10 Ring Opening Polymerization in Functionalised Polycaprolactone 

The role of ring opening polymerization in the production of functionalised 

polycaprolactone (PCL) showed complex lactone can be polymerized with simultaneous 

addition of functional group(s). Ring opening polymerization for functionalised lactones 

production has been investigated on lactones with different ring size including β-

propiolactones, valerolactones, lactides and glycolides (Lou et al., 2003). Among the 

advantages of ring opening polymerization are the ability to achieve controlled molecular 

weight, lower polydispersity and higher monomer conversion. The main structure of PCL 

consists of ester units and inert ethylene group which are required for the reaction with 

functional group. A functionalised PCL can be synthesized via terminal end group and 

block copolymerization.  

 

2.10.1 Terminal End Group Functionalisation 

Terminal end group functionalisation could proceed viz. initiation and/or termination 

routes. Functionalisation via initiation route involves nucleophilic agent to initiate the 

polymerization (Figure 2.5A). Agents include water, alcohol, amine or thiol have been 

widely used for terminal end functionalisation of polyester (Dzienia et al., 2017; Medina 

et al., 2018; Zhu et al., 2015). Most common terminal end functionalisation is also 

initiated using a metal-based initiator e.g. stannous, aluminium, magnesium, zinc, etc. 

(Sarvari et al., 2017; Wang et al., 2012). There have been several reports on the 

application of enzyme catalyst for terminal end functionalisation via initiator routes. 

Lipase-catalysed ring opening polymerization for terminal end functionalisation is an 

alternative method to the chemical method using organometallic catalyst. Biocatalyst 

such as lipase has technical advantages such as regio-selectivity and stereo-selectivity; 

the whole polymerization is comparable with living polymerization using metal catalyst 

(Thurecht et al., 2006; Zhu et al., 2018). 
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In the case of termination route for terminal end functionalisation, terminating agents 

including vinyl methacrylic acid and divinyl sebacate are used for single step acylation 

of hydroxyl end group of biodegradable polyester (Carrot et al., 1999; Uyama et al., 

1995). The agents are responsible for termination of chain propagation with the addition 

of functional group at terminal hydroxyl group (Figure 2.5B). Compared to initiation 

route, termination route of terminal end functionalisation is not favourable due to low 

yield and molecular weight of functionalised polyester at higher concentration of 

terminating agent. 

 

Figure 2.5: Terminal end functionalised PCL (A) Initiation; (B) Termination (Adapted 
from Yang et al., 2014) 
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2.10.2 Block Copolymerization of Functionalised Polycaprolactone 

Functionalisation of polycaprolactone (PCL) can be carried out with high molecular 

weight functional group for the synthesis of AB block copolymers. Initially, macro 

initiator is used to initiate the ring opening polymerization of PCL allowing the 

polymerization of functionalised multi-block PCL copolymer (Alamri et al., 2014; Huang 

et al., 2011). Besides, functionalised PCL can be inversely synthesized by polymerizing 

the neat PCL before being subjected to functionalisation via end capping method; with 

this method, the functional group is grafted onto the neat PCL at the terminal end of 

molecules. 

The role of living polymerization on the production of block copolymerization of 

functionalised PCL has been reported (Liu et al., 2001; Qi et al., 2013). By using this 

approach, a defined block copolymer can be polymerized under living polymerization 

mechanism without chain termination step. The synthesized functionalised PCL block 

copolymers contain high molecular weight with narrow range of polymer dispersity index 

values (Qi et al., 2013; Yao et al., 2014). 

 

2.11 Enzymatic Functionalisation of Polycaprolactone 

The application of chemical catalysis for transferring active functional groups onto the 

polyester has become a major issue due to possible toxicity effects when intended for 

human consumption. Thus, there is a critical need for enzyme as biocatalyst in the 

production of functionalised polymer following its biological nature (Bhangale et al., 

2012; Detrembleur et al., 2000; Zhu et al., 2015). Functional groups including fatty acids, 

aromatic compounds, unsaturated compounds and glycoside have been used widely 

studied for production of functionalised polyester using lipase from Candida antarctica 

(CalB) as biocatalyst (Bhangale et al., 2012; Srivastava & Albertsson, 2006). 
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The application of immobilized enzyme in catalysing the synthesis of functionalised 

polymer has been developed for biotransformation at industrial scale (Liese & Villela 

Filho, 1999; Zaks, 2001). The sustainability of functionalisation process can be achieved 

since most of the enzymes are produced from renewable resources, free of heavy metals. 

However, the application of enzymatic functionalisation has been limited due to its higher 

cost, instability in organic solvent and availability in analytical amount. Therefore, 

several strategies have been employed in order to improve the application of enzyme in 

functionalisation process (Hudson et al., 2005). Table 2.5 shows several examples of 

enzymatic functionalisation of polymer. 

Table 2.5: Lipase-catalysed functionalisation of lactone monomers. 

Lipase Monomer Functional Polymer Reference 
Novozyme 
435 (CalB) 

1,5-dioxepan-2-one 
(DXO)  
+ ɛ-caprolactone (ECL) 

Poly(1,5-dioxepan-2-
one) (PDXO) 

Srivastava & 
Albertsson 
(2006) 

Pseudomonas 
cepacia 

5‐methyl‐5‐carboxyl‐
1,3‐dioxan‐2‐one 
(MCC) 
+ trimethylene 
carbonate (TMC) 

Poly(Trimethylene 
carbonate-co-5‐methyl‐
5‐carboxyl‐1,3‐dioxan‐
2‐one) 
 

Al-Azemi Talal 
& Bisht Kirpal 
(2002) 

Novozyme 
435 (CalB) 

2-Hydroxyethyl 
methacrylate (HEMA)  
+ g-Pentadecalactone 
(PDL)  
+ ɛ-caprolactone (ECL) 

Methacrylation of PCL 
and PPDL 

Takwa et al. 
(2008) 

Novozyme 
435 (CalB) 

Benzyl alcohol +  
-caprolactone 

Benzyle ester end 
functionalised PCL 

Bhangale et al. 
(2012) 

Candida sp. 
99-125 

6-mercapto-1-hexanol + 
ɛ-caprolactone 

Thiol-terminated end 
PCL 

Zhu et al. 
(2015) 

Novozyme 
435 (CalB) 

Poly(ethylene glycol) 
Methyl Ether (MPEO)  
+ ɛ-caprolactone (ECL) 

MPEOx-co-poly(ε-
caprolactone) 

Hans et al. 
(2006) 

 

 

2.12 Michaelis-Menten Model for Enzymatic Functionalisation 

Michaelis-Menten model is the simplest for describing reaction between enzyme and 

its substrate (Li et al., 2011). Namekawa et al. (1999) was the first to determine the kinetic 

parameters of Michaelis-Menten model for enzyme-catalysed ring opening 
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polymerization of polycaprolactone (PCL). The formation of acyl-enzyme intermediate 

is proposed as the rate determining step of overall reaction (Namekawa et al., 1999). In 

the presence of terminal carboxyl end group of acyclic lactone monomer, the reactivity 

of the intermediate is considered high and thus the subsequent steps proceed rapidly. 

Although the general reaction steps of enzyme-catalysed ring opening polymerization of 

PCL are well established, the elucidation of its detailed mechanism based on kinetic data 

is not entirely complete. Furthermore, there are only a few examples in literature using 

Michaelis-Menten model to predict the kinetic parameters of functionalisation process 

(Kobayashi, 2015). 

 

2.12.1 Michaelis-Menten Model for Single Substrate 

For single substrate reaction, Michaelis-Menten model is described by a two-step 

process that includes (i) reversible binding of enzyme (E) and substrate (S) in the 

formation of enzyme-substrate complex (ES) and (ii) irreversible breakdown of enzyme-

substrate complex to free enzyme (E) and product (P) formation (Eq. 2.1). 

 

E + S ⇌ ES ⟶ E + P                  Eq. 2.1 

 

From the general stoichiometry (Eq. 2.1), the equation describing the Michaelis-Menten 

model is: 

 
 

max

0

m

S

+ S

V
v

K
   Eq. 2.2 

where v0 is the initial velocity (M h-1), Vmax is the maximum reaction velocity (M h-1), [S] 

is the substrate concentration (M) and Km is the Michaelis-Menten constant (M) which 

correspond to a substrate concentration giving 50 % maximum reaction velocity. The 

relationship between substrate concentration and the initial velocity is described in Figure 

2.6, where Vmax and Km can be determined using linear and non-linear regression analyses. 
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Figure 2.6: Michaelis-Menten plot of different substrate concentration 

 

Significant kinetic studies using Michaelis-Menten model for uni substrate reaction 

has been carried out for the ring opening polymerization of PCL. Table 2.6 shows the 

values of Vmax and Km of lipase-catalysed ring opening polymerization of lactone 

monomer with different ring size and molecular weight. Ring opening polymerization 

utilizing different ring sizes of lactone monomer showed the Vmax increases with ring size 

of lactone monomer (Namekawa et al., 1999). The ratio of Vmax/Km is the measure of 

polymerizability with lower ring size of monomer showing significantly higher 

polymerizability. van der Mee et al. (2006) observed that the Vmax varies in non-specific 

trend when reaction is conducted at 45 °C in toluene. In addition to ring size, the effect 

of lipase from different sources on the ring opening polymerization of PCL has been 

reported. Vmax value of lipase from Candida antarctica is the highest among other lipases 

such as from Pseudomonas fluorescens and Fervidobacterium nodosum (Table 2.7). 

Whilst lipase enzyme has been widely used in the ring opening polymerization for PCL 

production, Ma et al. (2009) on the other hand demonstrated esterase-catalysed PCL 

production along with the determination of its associated Vmax and Km. 
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Table 2.6: Effects of different lactone monomers on Michaelis-Menten kinetic parameters for uni substrate ring opening polymerization of PCL. 

Lactone Ring 
size 

Enzyme Temperature 
(°C) 

Reaction 
Medium 

Vmax, 
(mol L-1 h-1) 

Km, 
(mol L-1) 

Vmax

Km
, 

(h-1) 

Reference 

-caprolactone 7 

Lipase 
PF 

60 
Isopropyl 
ether 

6.60 × 10-1 6.10 × 10-1 1.08 

(Namekawa et al., 1999) 
11-undecanolide 12 7.80 × 10-1 5.80 × 10-1 1.34 
12-dodecanolie 13 2.30 1.10 2.09 
15-pentadecanolide 16 6.50 8.00 × 10-1 8.13 
16-hexadecanolide 17 7.20 6.30 × 10-1 11.43 
δ-Valerolactone 6 

Lipase 
CA 

45 Toluene 

9.50 × 10-1 7.30 × 10-1 1.30 

(van der Mee et al., 2006) 
-caprolactone 7 1.97 7.20 × 10-1 2.74 
11-undecanolide 12 3.70 × 10-1 3.30 × 10-1 1.12 
12-dodecanolie 13 2.80 4.20× 10-1 6.67 
15-pentadecanolide 16 5.51 3.10 × 10-1 17.77 

PF - Pseudomonas fluorescens; CA - Candida antarctica 
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Table 2.7: Effects of different enzymes in the ring opening polymerization of PCL. 

Enzyme Vmax, 
(mol L-1 h-1) 

Km, 
(mol L-1) 

Vmax

Km
, 

(h-1) 

Reference 

Esterase AF 2.00 × 10-1 9.30 × 10-2 2.15 Ma et al. (2009) 
Lipase FN 2.54 × 10-2 3.20 × 10-1 7.94 × 10-2 Li et al. (2011) 
Lipase PF 6.60 × 10-1 6.10 × 10-1 1.08 Namekawa et al. (1999) 
Lipase CA 1.97 7.20 × 10-1 2.74 van der Mee et al. (2006) 
Lipase Candida 
sp. 99-125 

1.46 × 10-4 6.10 × 10-3 2.40 ×10-2 He et al. (2015) 

AF: Archaeoglobus fulgidus; FN: Fervidobacterium nodosum; PF: Pseudomonas fluorescens; CA: 
Candida antarctica 

 

 

2.12.2 Michaelis-Menten Model for Multiple Substrate Reaction 

Many enzymes catalyse reaction between two or more substrates with the formation 

more than one product. The number of reactants and products in the reaction can be 

written in specific terms of uni (one), bi (two), ter (three) and quad (four). The discussion 

on multiple substrate reactions can be described based on the stoichiometric equation of 

enzyme-catalysed reactions (Eq. 2.3). The binding of two substrates with the formation 

of two products is called a “bi-bi” reaction. The binding of two substrates can occur 

through two mechanisms i.e. sequential mechanism and non-sequential mechanism. 

A + B ⇌ P + Q                   Eq. 2.3 

In the sequential mechanism, all substrates must bind with the enzyme before the 

reaction can take place for product formation. This mechanism can be further subdivided 

into random and ordered sequential mechanism. For random sequential mechanism, the 

substrates bind with the enzyme in random order (Figure 2.7A). However, in ordered 

sequential mechanism, substrates are bind with the enzyme in a subsequent order which 

the first substrate must bind before the second substrate is able to bind (Figure 2.7B). 

Similarly, the reversible binding of substrates and enzyme has resulted in the formation 

of intermediate EAB, which is identical by either mechanism. 
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Figure 2.7: Cleland schematic reaction (A) Random sequential; (B) Ordered sequential 
(Adapted from Kooy et al., 2014) 

 

Generally, a non-sequential mechanism is also known as ping-pong (double 

displacement) mechanism required at least one product is released before all substrates 

have bound. The following equation describes the stoichiometry of ping-pong bi-bi 

mechanism. 

31 2 4

-1 -3

E + A  EA  E*P + B  E*B  E + Q
kk k k

k k
     Eq. 2.4 

The first substrate (A) binds to enzyme (E) active site to form first intermediate 

enzyme-substrate complex (EA). During the formation of central complex (EA), the 

substrate (A) is converted into product (P) and the enzyme that covalently binds to 

product has become acylated (E*). Then, the released of the first product from acylated 

enzyme has resulted in the binding of second substrate (B), which followed by the 

formation of second intermediate acylated enzyme-substrate complex (E*B). As the 

second product released (Q), the free enzyme is regenerated from its acylated form. The 

process whereby the enzyme is bouncing back and forth from an intermediate state to its 
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standard state is called “ping-pong” mechanism. Figure 2.8 shows the Cleland schematic 

reaction corresponding to ping-pong bi-bi mechanism. 

 

 

Figure 2.8: Cleland schematic reaction of ping-pong bi-bi mechanism (Adapted from 
Kooy et al., 2014) 

 

2.12.3 Derivation of Initial Rate of Ping-pong Bi-bi Mechanism 

The kinetic of double displacement ping-pong bi-bi mechanism can be described 

according to the general steady-state stoichiometric equation (Eq. 2.4). For simplicity, all 

of the enzyme kinetic equations have been derived assuming no products are present. 

From the steady-state equation, the rate equation (v), Michaelis-Menten constants (Km) 

and enzyme mass balance can be developed. By considering the random sequential 

mechanism, the derivation of rate equation for ping-pong bi-bi mechanism is determined 

from the effective dissociation constant of reactant A. The two effective dissociation 

constants are KiA and KA. The first effective dissociation constant is KiA constant which 

describes the binding constant of A to E. The second effective dissociation constant is KA 

correspond to binding constant of A to EB. Thus, effective dissociation constant of bi-

substrate can be written as: 

  
 iA

E A
=

EA
K   Eq. 2.5 

  
 iB

E B
=

EB
K   Eq. 2.6 

  
 A

EB A
=

EAB
K   Eq. 2.7 
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  
 B

EA B
=

EAB
K   Eq. 2.8 

The mass balance of total enzyme can be written as: 

ET = E + EA + EB + EAB                 Eq. 2.9 

By rearranging the rate equations in Eq. 2.5 - 2.9, the following equation can be obtained: 

 
 

 
 

 
 

 
  

B

A

iA iA B

EAB
EA = ;

B

EAB
EB = , and

A

EA EAB
E =  = .

A A B

K

K

K K K

  

Thus, the mass balance of total enzyme can be solved: 

     

 
  

 
 

 
 

 

      

T

iA B B A
T

iA B B A
T

E  = E + EA  + EB  + EAB

EAB EAB EAB
E  =  +  +  + EAB

A B B A

E  =  +  +  + 1  EAB
A B B A

K K K K

K K K K 
  
    

Since v0 = Kcat [EAB]; 

      

   
     

 
  
 

0iA B B A
T

cat

0 T cat

iA B B A

E  =  +  +  + 1  
A B B A

A B A B A B
 = E  +  +  + 1

A B

vK K K K

K

v K
K K K K

   
    

  

 
  
 

  

and Vmax = Kcat ET: 

 
  

       
max

0

iA B B A

A B
 = 

 + A  + B  + A B

V
v

K K K K  Eq. 2.10 
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By assuming rapid equilibrium, the KiA and KiB terms in Eq. 2.10 can be removed since 

the final EAB concentration is obtained from the identical path which either E to A to 

EAB or E to B to EAB. Therefore, the final equation describing the ping-pong bi-bi 

mechanism can be described as follows: 

 
  

       
max

0

B A

A B
 = 

 A  +  B  + A B

V
v

K K
  Eq. 2.11 

 

2.13 Kinetics of Living Polymerization in Polymer Chain Propagation 

In general, living polymerization can be defined as any reaction which does not 

undergo chain termination or chain transfer step, and the rate of monomer consumption 

in the propagation step follows a first-order rate law (van der Mee et al., 2006). According 

to IUPAC, the term living polymerization is reserved for polymerization that proceed 

without irreversible termination (Jenkins et al., 2010). The synthesized polymer via living 

polymerization mechanism has the ability to propagate under controlled molecular weight 

while the chain termination or chain transfer is negligible (Szwarc, 1998). The chain 

propagation step is characterized by the addition of a monomer unit at the chain-end that 

remain active. Without living polymerization mechanism, the propagation proceeds 

according to standard elementary steps of initiation, propagation and chain termination. 

The general mechanism of living polymerization requires an initiator and monomer 

whereas for complex living polymerization mechanism, the use of catalyst and chain end 

stabilizers are often needed. 
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Besides the ability to control molecular weight of polymer via sequential addition of 

monomer, living polymerization mechanism is also used to synthesize functionalised 

polymers through selective termination with appropriate functional reagents. As 

previously reported, living polymerization techniques for ring opening polymerization of 

functionalised PCL are shown in Table 2.8. The application of living polymerization 

mechanism in functionalised PCL production exhibits significant potential based on 

published literature. Living polymerization is a desirable process since it provides 

polymer population with narrow dispersity, facilitate excellent control over end group 

functionality, and incorporate a broad range of functional groups into polymer scaffolds 

and network materials.  
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Table 2.8: Living polymerization techniques in ring opening polymerization of functionalised PCL. 

Living 
polymerization 
techniques 

Reactants/Products  Reaction condition Reference 
Catalyst/Initiator  Substrates Polymer  Medium Temp 

(C°) 
Anionic Initiator: Aluminum tri(4-oxy-

TEMPO) 
 ECL TEMPO-functionalised 

PCL 
 Toluene 

 
25–40 Yoshida & Osagawa 

(1998) 
Catalyst: Sn(Oct)2; 
Macroinitiator: Poly(styrene)-b-
Poly(ethyleneoxide) 

 ECL ABC 3-miktoarm star-
shaped terpolymers of 
Poly(styrene), 
Poly(ethylene oxide),and 
Poly(ɛ-caprolactone) 

 Toluene 110 Wang & Huang 
(2008) 

Catalyst: Phosphazene base (P4-t-
Bu); 
Initiator: Methanol, ethylene glycol, 
ethyl acetate 

 ECL, 
Methyl 
Methacrylate. 

Hybrid copolymerized of 
Poly(CL-co-MMA) 

 Toluene 25 Yang et al. (2012) 

Cationic Catalyst: Diphenyl phosphate (DPP); 
Initiator: 3-phenyl-1-propanol 
(PPA). 

 GVL, ECL. Block copolymerization 
Poly(VL-co-CL) 

 Toluene 27 Makiguchi et al. 
(2011) 

Catalyst: HCl diethylether 
(Et2O.HCL); 
Macroinitiator: Poly(isobutyl vinyl 
ether) (PIBVE) 

 ECL. Block copolymerization of 
Poly(IBVE-co-CL) 

 Toluene 50 Zaleska et al. (2009) 

Monomer 
activated 

Catalyst: Lipase CALB;  
Initiator: Water, alcohol. 

 ECL PCL  Deuterated 
toluene 

60 Mei et al. (2003) 

Catalyst: Lipase CALB;  
Macroinitiator: Poly(ethylene 
glycol)-methyl ether, 2000 
(MPEO2000) 

 ECL Block copolymerization of  
Poly(ECL-b-MPEO2000) 

 Bulk substrate 70 Yang et al. (2018) 

ECL: -Caprolactone; GVL: δ-Valerolactone; PCL: Polycaprolactone 

36 
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CHAPTER 3: MATERIALS AND METHODS 

3.1 Materials 

Monomers including -caprolactone (Cat: 802801) and methyl-D-glucopyranoside 

(Cat: 840024) were purchased from Merck (Germany). Immozyme CalB is an 

immobilized lipase B preparation from Candida antarctica was purchased from 

ChiralVision (Netherlands). tert-butanol (2-methylpropan-2-ol) (Cat: 16) was purchased 

from Ajax Chemical (Australia). Methanol (Cat: 106009), tetrahydrofuran (Cat: 109731), 

chloroform (Cat: 102445) were purchased from Merck (Germany). All chemicals were of 

analytical grade. Molecular sieve 3 Å (Cat: 208574) was purchased from Sigma-Aldrich 

(USA). 

 

3.2 Reactor Assembly 

Batch mode reactions were carried out in 500 mL round bottom glass vessel equipped 

with Rushton turbine impeller. The reaction temperature was kept constant by using 

digital control water bath (Memmert, Germany). Digital overhead stirrer (IKA Eurostar 

60, USA) was used to control the impeller speed during the reaction. Complete schematic 

of enzyme batch reactor is illustrated in Figure 3.1. 
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Figure 3.1: Schematic assembly of enzymatic batch reactor (1) Circulating water bath 
for circulating cooling water in exhaust condenser; (2) Cooling water outlet; (3) Cooling 
water inlet; (4) Exhaust condenser; (5) Overhead stirrer; (6) Sampling syringe; (7) Water 
bath controller; (8) Thermostatic water bath; (9) Reaction mixture; (10) Rushton turbine 
impeller; (11) Molecular sieve 3 Å 

 

3.3 General Reaction Preparation 

Batch mode reactions were performed in a bench-scale custom-fabricated enzymatic 

reactor according to schematic diagram in Figure 3.1. The overall general reaction was 

described in Figure 3.2. Dried tert-butanol was prepared by shaking with 30 % w/v of 

molecular sieve 3 Å for 24 hours. This was followed by adding an appropriate amount of 

MGP into 280 mL of dried tert-butanol and incubated at 80 °C for 24 hours prior to the 

addition of ECL. To initiate the functionalisation reaction immobilized lipase is added 

into the reaction mixture. 
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Figure 3.2: General steps of functionalisation reaction 

 

3.4 Product Sampling 

Periodically, about 2.0. mL of crude sample was withdrawn from the reaction mixture 

from the sampling port before subjected to filtration using 0.2 µm PTFE membrane filter. 

Sample filtrate was collected for product recovery and purification. 

 

3.5 Product Recovery and Purification 

Figure 3.3 summarizes the general steps in the recovery and purification of the 

functionalised oligomer. Chloroform was added to the batch reaction mixture in 1:1 ratio 
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to stop the reaction. Then, whole reaction mixture was filtered out using 90 mm of PTFE 

membrane filter (pore size 0.2 µm) (Sartorius) to remove lipase beads and solid particles 

before subjected to solvent removal using rotary evaporator (Rotavap) at 60 °C under 

reduced pressure. After solvent removal, cold methanol was added into the concentrated 

reaction mixture in ratio 1:10 v/v in order to precipitate the functionalised polymer before 

subjected to drying process at 40 °C under reduced pressure for 24 hours incubation. 

 

 

Figure 3.3: Steps in product recovery and purification 
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3.6 Dried Weight Analysis 

Dried weight analysis was carried out using product recovered from the whole batch 

reaction at specified interval. Dried precipitates from the drying process under reduced 

pressure were incubated at room temperature before subjected to weight determination 

using analytical balance (Sartorius) (Figure 3.4). 

 

 

 

Figure 3.4: Steps in dried weight determination 

 

3.7 Residual Sugar Analysis 

Figure 3.5 showed the steps involved in residual sugar analysis. For measurement of 

residual sugar concentration, samples were withdrawn at specific intervals. Firstly, 

chloroform was added to the withdrawn samples in 1:1 ratio to terminate the reaction. 

Then, samples were filtered out using 0.2 µm PTFE membrane filter to remove lipase 

beads before being subjected to liquid-liquid separation according to Ariffin et al. (2014). 
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Figure 3.5: Steps in residual sugar analysis 

 

About 450 µL of sample was recovered from the aqueous phase of liquid-liquid 

separation for residual sugar analysis. Sample was added into a test tube containing 50 

µL of 5 % (v/v) phenol solution. Then, about 2,500 µL of concentrated 98 % (v/v) 

sulphuric acid was added into the mixture. Reaction between phenol and sample was 

facilitated by vigorous vortexing for a few seconds. Then, sample was cooled down to 
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room temperature by incubation in the water bath at 25 °C for 5 minutes. Absorbance 

reading at 490 nm was carried out in quartz cuvette using JASCO 630 UV/Vis 

spectrophotometer (Japan). The actual amount of residual carbohydrate was determined 

from the standard calibration plot of different concentrations methyl-D-glucopyranoside 

(MGP) as indicated in Table 3.1. Stock solution of MGP (1,000 mg L-1) was dissolved in 

ultrapure water. Standard calibration plot was constructed based on the absorbance of 

each concentration. 

Table 3.1: Preparation of methyl-D-glucopyranoside standards. 

 Methyl-D-glucopyranoside 
in mM 0.515 0.773 1.030 1.287 1.545 1.802 2.060 
in mg L-1 100 150 200 250 300 350 400 
Stock (mL) 0.045 0.068 0.090 0.113 0.135 0.158 0.180 
dH2O (mL) 0.405 0.382 0.360 0.337 0.315 0.292 0.270 
Total volume  0.450 0.450 0.450 0.450 0.450 0.450 0.450 

 

 

3.8 Monomer Conversion 

The percentage of monomer conversion was calculated based on gravimetric analysis 

of dried sample weight  (Henini et al., 2012). The dried weight of converted ECL (mECL) 

was calculated according to the mass balance equation (Eq. 3.1): 

mFunctionalized = mECL + mMGP                  Eq. 3.1 

where mFunctionalised is final dry weight of functionalised oligomer (g), and mMGP is 

converted dry weight of MGP (g) calculated from the residual sugar analysis as discussed 

in Section 3.7. The dried weight of functionalised oligomer was calculated based on 

gravimetric analysis (Section 3.6). 

 

3.9 Gel Permeation Chromatography 

Gel permeation chromatography (GPC) analysis was used to determine the molecular 

weight (g mol-1) of the samples. Analysis was carried out using Agilent LC 1220 (Agilent, 
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USA) equipped with a refractive index detector (Model 1260). General steps in GPC 

analysis is summarized in Figure 3.6. GPC column i.e. Phenomenex Phenogel 5 µm 

Linear phase column (300 × 7.8 mm) was used for separation product with molecular 

weight range 100-10,000 kDa using tetrahydrofuran (THF) as a mobile phase at a flow 

rate of 1.0 mL min-1. About 10 to 15 mg of dried samples were dissolved in 1.0 mL THF 

solvent and filtered out using 0.22 µm PTFE membrane filter prior to injection. GPC 

analysis was carried out at 35 °C with injection volume of 10.0 µL. A calibration plot 

employing commercial polystyrene standards, EasiVial PS-M (Agilent) with a medium 

range of molecular weights (162–500,000 Da) was used for the estimation of number 

average molecular weight (Mn) of product samples. 

 

Figure 3.6: Steps in gel permeation chromatography analysis 
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3.10 Product Characterization 

Product characterization was carried out using dried samples obtained after drying 

under reduced pressure unless stated otherwise. General steps for product characterization 

are shown in Figure 3.7. Analyses include Fourier Transform Infrared spectroscopy 

(FTIR), nuclear magnetic resonance (NMR) and thermal gravimetric analysis (TGA). 

 

 

Figure 3.7: Steps in product characterization 
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3.10.1 Fourier Transform Infrared (FTIR) 

For product characterization, the general steps in Figure 3.7 were followed. FTIR 

analysis was carried out using Perkin-Elmer FTIR RX-1 spectrometer (Perkin-Elmer). 

About 15.0 mg of dried sample was ground with 20.0 mg dried potassium bromide (KBr) 

pellets as carrier and casted on the FTIR sample carrier. Spectrum measurement was 

recorded at room temperature between 4,000 and 400 cm-1 with 4 cm-1 resolution with a 

total of ten running scans. 

 

3.10.2 Nuclear Magnetic Resonance (NMR) 

Sample for NMR was obtained according to Figure 3.7. NMR spectrum was recorded 

on ECA 400 FT-NMR system (JEOL) at 400 MHz. Deuterated chloroform with 

tetramethylsilane (TMS) as internal reference standard was used to dissolve 15.0 mg of 

dried sample. Prior to addition to the NMR tubes, sample mixture was filtered using 0.22 

µm PTFE syringe filter. 

 

3.10.3 Thermogravimetric Analysis (TGA) 

Samples for thermogravimetric analysis was obtained according to Figure 3.7. The 

analysis was conducted by using TGA-4000 machine (Perkin-Elmer, USA). About 20 mg 

of dried sample was used for analysis. Samples were heated from 30 to 900 °C at scanning 

rate of 10 °C min-1 under constant nitrogen flow rate at 20 mL min-1. 

 

3.11 Screening of Selected Operating Variables 

The effects of selected operating variables namely lipase, initial MGP concentration, 

initial ECL concentration, temperature and agitation rate were studied in a randomized 

two-level half factorial design (2k-1). Statistical software, Minitab® 18 was used to design 

the factorial experiment for the screening of selected operating variable. A 2k-1 design was 
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employed since it requires fewer runs whereas in full factorial design (2k), the number of 

runs increases significantly with the number of factors. From the study, the fractional 

factorial design experiment was used to screen significant parameters for the batch 

functionalisation in a new customized stirred tank reactor. The significant parameters 

from factorial screening can be used as reference for the optimization studies using 

response surface analysis. Furthermore, responses from factorial analysis can be used in 

the central composite design for the response surface analysis. The advantage of factorial 

design it requires fewer runs used only minimum and maximum level of each factor. 

However, effects of some factors in 2k-1 design can lead to wrong conclusion from 

confounding effect. According to Jankowski et al. (2016), a confounding effect is defined 

as two or more effects that cannot be separated during data analysis. The observed effect 

cannot be ascribed solely to first variable without considering the effect of a second 

variable. The half factorial design is possibly the most used design for screening 

significant factors (Jiang et al., 2017; Junior et al., 2012; Santos et al., 2012; Wong et al., 

2015). The design has the resolution V error with at least either main effect or two-way 

interactions effect is confounded with a three-way or more interactions. In the case of 

screening experiments, the experimental design with higher order interactions were 

negligible and the confounding factors can be omitted. Thus, a two-level half factorial 

design with resolution V is preferred since no confounding effects are observed between 

the main effects and two-way interactions. 

The effects of main variables and interactions between variables were analysed using 

dried weight of functionalised oligomer (% w/v) as the response. In the study, the 

functionalisation in customized batch reactor was investigated based on the combination 

of selected key physical (agitation speed, temperature) and chemical factors (enzyme and 

substrates). Owing to the complex nature of physico-chemical interactions in lipase-

catalysed functionalisation (Villadsen et al., 2011), factorial design experiment is an 
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effective and practical route for investigating the dynamics of the proposed reaction 

system. According to Walter & Pronzato (1997), establishing optimum condition using 

design of experiment (e.g. factorial design and response surface analysis) can maximise 

the confidence on the model parameters, thus increasing the confidence on the model 

prediction. 

Table 3.2 showed factor levels and concentration range of selected operating variables. 

Analysis of variance (ANOVA) was used to analyse the response with significance level 

of p < 0.05 for each of selected operating variables. For model adequacy, residual analysis 

was carried out in order to determine the goodness-of-fit in regression model. Graphical 

analysis on the statistical data was applied to explore the behaviour of data distribution, 

error and assess relationship between variables. 

Table 3.2: Two-level half factorial design levels and concentration. 

Variables Symbol 
Levels 
Low (-1) High (+1) 

Lipase (% w/v) XLip 1.2 2.8 
Initial ECL (% w/v) XECL 3.8 11.5 
Initial MGP (% w/v) XMGP 0.04 0.14 
Temperature (°C) XTemp 40 60 
Agitation rate (min-1) XAgi 90 180 
 

 

3.12 Kinetic Studies 

For the kinetic studies, the reaction conditions such as initial MGP concentrations, 

initial ECL concentrations, lipase, agitation rate and reaction temperature were 

summarized in Table 3.3. The concentration range for both substrates were chosen 

according to their solubility in tert-butanol and the ratio of percentage volume (% v/v) 

reactants to reaction mixture. In the case of solubility, MGP has poor solubility in tert-

butanol. Furthermore, the volume of substrates used in the reaction was standardized so 

as not exceeding 10 % of the total reaction mixture volume. From the study, the maximum 

volume of ECL was calculated at 10.7 % v/v or 30 mL of the total 280 mL tert-butanol. 
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Table 3.3: Reaction condition for kinetic studies. 

Parameter  Condition/Concentration 
Agitation rate*  - 

- 
- 

Temperature*  
Lipase*  
Initial MGP  1.84, 4.60 and 7.36 mM 
Initial ECL  0.34, 0.50 and 1.00 M 
Reaction Medium (tert-Butanol)  280 mL 
*Determined from factorial design experiment 

 

The initial rate of reaction, v0 is the instantaneous rate was calculated from the slope 

of tangent line from origin on substrate consumption time profile. From Figure 3.8, the 

initial rate is determined from the region of constant substrate consumption rate with time 

where the curve represents a zero order reaction. Substrate consumption is calculated as 

SCons = S0 – St where SCons is molar substrate consumption (M), S0 is initial substrate 

concentration (M) and St is residual substrate concentration (M) at t time (h). The initial 

rate is measured when substrate concentration is non-limiting and enzyme activity is at 

the maximum. The measured initial reaction rates were used to fit the initial velocity 

equation as a function of initial substrates concentration. 

 

Figure 3.8: Initial rate determination 
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A ping-pong bi-bi mechanism without ternary complex formation was used to model 

lipase-catalysed MGP functionalisation of ECL according to Eq. (3.2): 

 

 
  

       
max

0

mMGP mECL

ECL MGP
 = 

ECL  + MGP  + ECL MGP

V
v

K K
 Eq. 3.2 

 

where v0 is the initial rate of reaction (M h-1), Vmax is the maximum velocity (M h-1), 

[ECL] is ɛ-caprolactone (M), [MGP] is methyl-D-glucopyranoside (M), KmECL is the 

Michaelis constant for -caprolactone (M) and KmMGP is the Michaelis constant for 

methyl-D-glucopyranoside (M). Kinetic parameters in the nonlinear equation (Eq. 3.2) 

were solved using Polymath® 6.0 software. The predicted kinetic parameters were 

validated using statistical analysis of 95 % confidence interval, correlation coefficient 

(R2) and residual analysis. 

For chain propagation step, kinetic mechanism of living polymerization was applied 

for the investigation. It is assumed that chain propagation proceeds at a constant rate. The 

equation describing the kinetic of chain propagation based on living polymerization 

mechanism can be written according to Eq. (3.3): 

 
 

 ECL
P App ECL

d
 =  = 

d

C
R r C

t
  Eq. 3.3 

where RP denotes the rate of polymerization (M h-1), rApp is the apparent rate constant of 

living polymerization mechanism (h-1), CECL is monomer concentration (M) and t is 

reaction time (h). Model fitting was performed using linear and non-linear regressions 

(Polymath® 6.0).  

Univ
ers

ity
 of

 M
ala

ya



51 

CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Standard Calibration Plot of Methyl-D-glucopyranoside 

Figure 4.1 showed the standard calibration plot for a series of methyl-D-

glucopyranoside (MGP) concentrations. 

 

Figure 4.1: Standard calibration plot of MGP 

 

4.2 Screening of Selected Operating Variables 

Design of experiment (DOE) was used to analyse the half factorial model of screening 

selected operating variables. A total of 48 experimental runs were carried out according 

to design matrix with percentage dried weight of functionalised oligomer was used as 

experimental response (Table 4.1). 
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Table 4.1: Design matrix and the experimental response. 

Run Variables DW 
XLip XECL XMGP XTemp XAgi 

1 1.20 3.82 0.04 60.00 90.00 1.90 
2 2.80 3.82 0.14 60.00 90.00 3.48 
3 1.20 3.82 0.14 60.00 180.00 1.79 
4 1.20 3.82 0.14 60.00 180.00 1.96 
5 1.20 3.82 0.04 60.00 90.00 2.06 
6 1.20 11.46 0.04 60.00 180.00 7.90 
7 2.80 11.46 0.14 40.00 90.00 8.64 
8 1.20 11.46 0.04 40.00 90.00 5.95 
9 1.20 3.82 0.14 40.00 90.00 1.41 
10 1.20 11.46 0.14 40.00 180.00 6.39 
11 2.80 3.82 0.14 60.00 90.00 3.33 
12 2.80 3.82 0.04 40.00 90.00 2.50 
13 1.20 11.46 0.14 40.00 180.00 6.01 
14 2.80 3.82 0.14 60.00 90.00 3.21 
15 2.80 11.46 0.14 60.00 180.00 11.11 
16 2.80 11.46 0.04 40.00 180.00 9.26 
17 1.20 3.82 0.04 40.00 180.00 1.61 
18 1.20 11.46 0.04 60.00 180.00 7.84 
19 1.20 11.46 0.14 60.00 90.00 7.69 
20 2.80 3.82 0.04 40.00 90.00 2.60 
21 1.20 3.82 0.04 60.00 90.00 2.10 
22 2.80 11.46 0.04 60.00 90.00 10.76 
23 2.80 3.82 0.14 40.00 180.00 2.84 
24 2.80 11.46 0.04 40.00 180.00 9.06 
25 2.80 3.82 0.04 40.00 90.00 2.43 
26 1.20 3.82 0.04 40.00 180.00 1.45 
27 2.80 3.82 0.04 60.00 180.00 3.44 
28 2.80 11.46 0.14 40.00 90.00 8.98 
29 1.20 11.46 0.04 40.00 90.00 6.02 
30 2.80 11.46 0.14 40.00 90.00 8.54 
31 1.20 11.46 0.14 40.00 180.00 5.83 
32 1.20 11.46 0.04 60.00 180.00 7.55 
33 1.20 11.46 0.14 60.00 90.00 7.41 
34 1.20 3.82 0.04 40.00 180.00 1.50 
35 1.20 11.46 0.14 60.00 90.00 7.31 
36 1.20 3.82 0.14 40.00 90.00 1.56 
37 2.80 3.82 0.14 40.00 180.00 2.80 
38 2.80 3.82 0.04 60.00 180.00 3.02 
39 2.80 11.46 0.04 60.00 90.00 10.96 
40 2.80 11.46 0.14 60.00 180.00 10.83 
41 1.20 3.82 0.14 40.00 90.00 1.47 
42 2.80 3.82 0.14 40.00 180.00 2.63 
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Table 4.1, continued. 

Run Variables DW 
XLip XECL XMGP XTemp XAgi 

43 2.80 11.46 0.14 60.00 180.00 10.59 
44 1.20 3.82 0.14 60.00 180.00 1.90 
45 2.80 11.46 0.04 60.00 90.00 11.26 
46 2.80 3.82 0.04 60.00 180.00 3.27 
47 1.20 11.46 0.04 40.00 90.00 6.15 
48 2.80 11.46 0.04 40.00 180.00 8.86 
XLip: Lipase (% w/v); XECL: Initial ECL (% w/v); XMGP: Initial MGP (% w/v); XTemp: Temperature 
(°C); XAgi: Agitation rate (rpm); and DW: Dried weight of functionalised oligomer (% w/v) 

 

 

4.3 Statistical Analysis of Screening Selected Operating Variables 

The effects of selected operating variables on the dried weight of functionalised 

oligomer (% w/v) were analysed using analysis of variance (ANOVA) as indicated in 

Table 4.2. From the analysis, the percentage of correlation coefficient (r2) of the 

regression model was observed at 99.8 %, which indicated good fitting between factorial 

model and experimental data. The effects of main variables of lipase (XLip), initial ECL 

(XECL) and temperature (XTemp) were significant (p < 0.05) on the production of dried 

weight of functionalised oligomer. However, the effects of initial MGP (XMGP) and 

agitation rate (XAgi) were insignificant (p > 0.05) (Table 4.2). 

In addition to main variables, the two-way interactions were also investigated in order 

to determine the relationship between variables. Interpreting the effects of main variables 

without considering the interaction effects may result in wrong conclusions. From the 

ANOVA, the interactions of lipase with initial ECL (XLip XECL), lipase with temperature 

(XLip XTemp), initial ECL with initial MGP (XECL XMGP), and initial ECL with temperature 

(XECL XTemp) were found to be significant (p < 0.05) on the production of functionalised 

oligomer (expressed as dry weight amount) (Table 4.2). The significant effect of two-way 

interactions indicated the presence of confounding effect among the selected operating 

variables. 
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Table 4.2: Analysis of variance of selected operating variables. 

Variables df Adj. SS Adj. MS F p 
XLip 1 55.49 55.49 1,772.25 0.00 
XECL 1 435.93 435.93 13,922.07 0.00 
XMGP 1 0.06 0.06 1.98 0.17 
XTemp 1 16.53 16.53 527.90 0.00 
XAgi 1 0.06 0.06 1.98 0.17 
XLip XECL 1 10.06 10.06 321.29 0.00 
XLip XMGP 1 0.02 0.02 0.50 0.48 
XLip XTemp 1 0.34 0.34 10.97 0.00 
XLip XAgi 1 0.00 0.00 0.07 0.79 
XECL XMGP 1 0.16 0.16 4.97 0.03 
XECL XTemp 1 4.60 4.60 146.93 0.00 
XECL XAgi 1 0.04 0.04 1.31 0.26 
XMGP XTemp 1 0.03 0.03 0.94 0.34 
XMGP XAgi 1 0.05 0.05 1.61 0.21 
XTemp XAgi 1 0.11 0.11 3.47 0.07 
Error 32 1.002 0.031   
Total 47 524.49    
XLip: Lipase (% w/v); XECL: Initial ECL (% w/v); XMGP: Initial MGP (% w/v); XTemp: Temperature (°C); 
XAgi: Agitation rate (rpm); DF: Degree of freedom; Adj. SS: Adjusted sum of squares; Adj. MS: 
Adjusted mean of squares; F: F statistic; and p: p statistic (significance level at p = 0.05). 

 

The main variable of initial ECL represents major contributing factor with highest F 

value followed by lipase and temperature. The interaction of lipase with initial ECL 

showed the greatest effect on dried weight of functionalised oligomer with the highest F 

value recorded, followed by interaction of initial ECL with temperature, interaction lipase 

with temperature and interaction initial ECL with initial MGP (Table 4.2). 

 

4.4 Residual Analysis 

Residual analysis was conducted using Minitab® 18 software in order to validate the 

regression model applied. Graphical analysis for the ANOVA of the selected operating 

variables is presented (Figure 4.2). The normal probability plot showed all standardized 

residual points followed normal distribution with data points falling on the straight line 

(Figure 4.2A). Furthermore, there was no clear evidence of outlier since the Grubb test 

showed all unusual data values come from the same normal population (p > 0.05). For 

the plot of standardized residual versus fitted value (Figure 4.2B), the residual points 
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showed non-identical pattern with all data points distributed rather equally within positive 

and negative boundaries indicating equal variance. The histogram (Figure 4.2C) showed 

the standardized residual followed approximately normal distribution with the highest 

frequency observed at the middle range of standardized residual value. The plot of 

standardize residual versus run order showed random scatter showing the absence of 

dependency between residual errors and the order of experimental runs (Figure 4.2D). 

 

 

Figure 4.2: Residual plot analysis of half factorial design (A) Normal probability plot; 
(B) Standardized residual versus fitted plot; (C) Histogram; (D) Standardized residual 
versus run order plot 
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4.5 Main Effect Analysis 

The main effect plot of selected operating variable on dried weight of functionalised 

oligomer is presented in Figure 4.3. The connected line between low and high level of 

each variable was used to analyse the relationship between the experimental response 

(mean dried weight, % w/v) and the selected variable. Steeper gradient of the connected 

line indicated greater influence of corresponding variable on the experimental response. 

Positive gradient indicated that the relationship between the variable level and 

experimental response is in the same direction. 

High concentration of lipase should result in parallel increase in functionalised 

oligomer production. This is clearly shown when lipase concentration was increased from 

1.2 to 2.8 % w/v (Figure 4.3A). Similar observation were made for the main effect of 

initial ECL and temperature as the levels of each variables were increased from 3.8 to 

11.5 % and 40 to 60 °C, respectively (Figure 4.3B, 4.3D). The connected lines between 

low and high level of these variables showed positive gradient.  However, the dried 

weight of functionalised oligomer were unaffected when initial MGP and agitation rate 

were increased from 0.04 to 0.14 % w/v and 90 to 180 rpm, indicated by the flat connected 

lines (Figure 4.3C, 4.3E). 
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Figure 4.3: Main effect plot analysis (A) Lipase (% w/v); (B) Initial ECL concentration 
(% w/v); (C) Initial MGP concentration (% w/v); (D) Temperature (°C); (E) Agitation rate 
(rpm)  
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The interaction effect between the agitation rate and all other variables were found to 

be insignificant (p > 0.05). Thus, the insignificance of agitation rate variable was 

implicitly validated from the interaction effect analysis. On the other hand, whilst the 

main effect of initial MGP was insignificant (p > 0.05), the relationship observed between 

initial MGP with initial ECL suggests that the level of initial MGP somehow influenced 

the estimation of main effect of initial ECL. 

 

4.6 Two-way Interaction Effect Analysis 

Analysis on the two-way interaction was also conducted in order to determine the 

relationship between variables. Interpreting the effects of main variables without 

considering interaction effects may result in wrong conclusions. From the ANOVA 

(Table 4.2), the interactions of lipase with initial ECL (XLip XECL), lipase with temperature 

(XLip XTemp), initial ECL with initial MGP (XECL XMGP), and initial ECL with temperature 

(XECL XTemp) were found to be significant (p < 0.05) corresponding to the dried weight of 

functionalised oligomer. 

From the calculated F value in Table 4.2, the interaction of lipase with initial ECL 

(XLip XECL) showed the greatest effect on dried weight of functionalised oligomer with the 

highest F-value recorded (F = 321.29). This was followed by interaction of initial ECL 

with temperature (XECL XTemp) (F = 146.93), lipase with temperature (XLip XTemp) (F = 

10.97) and initial ECL with initial MGP (XECL XMGP) (F = 4.97). Therefore, the effect 

lipase and initial ECL showed highest correlation between variables. 

 

4.7 Effects of Significant Operating Variables 

4.7.1 Lipase 

Based on Table 4.2, the effect of lipase was found to be significant (p < 0.05). 

According to Figure 4.3, it was clearly observed that dried weight of functionalised 
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oligomer increased from 4.3 to 6.4 % w/v when lipase loading increased from 1.2 to 2.8 

% w/v, respectively. Increase in total concentration of lipase most likely affects both the 

reaction rate and product yield (Kim et al., 2004). The used of immobilized lipase is 

preferable in esterification as it improves thermal stability and catalytic activity as 

compared to its free form (Wang et al., 2017). By increasing lipase loading, the formation 

of acylated-enzyme substrate (AES) complex also increases due to more active site 

available for binding between substrates and nucleophiles resulting in higher conversion 

rate of the final product (Hans et al., 2009). With the formation of AES complex, lipase 

reduces the activation energy of reaction and increases the rate conversion of substrate 

into final product. Without lipase, a large amount of energy is required for a reaction to 

proceed. However, maximum reaction velocity was not favourable at low ratio of 

substrate to lipase concentration. 

 

4.7.2 Initial ECL 

According to ANOVA (Table 4.2), the effect of initial ECL was significant (p < 0.05). 

Initial ECL showed major contributing effect on dried weight of functionalised oligomer 

production with the highest F value of all variables (Table 4.2). Higher concentration of 

initial ECL was favourable in obtaining higher dried weight of functionalised oligomer. 

In the current study (Figure 4.3), an increase of initial ECL from 3.8 to 11.5 % w/v 

significantly enhanced the production of functionalised oligomer with the highest dried 

weight recorded above 11.0 % w/v. Reduction of initial ECL concentration was 

accompanied by the decrease in acylated-enzyme substrate (AES) complex formation 

from lipase-catalysed ring opening polymerization of ECL monomer; which subsequently 

polymerized into repeating unit of 6-hydroxyhexanoate of hydrophobic oligomer chain 

(Cooke & Whittington, 2016; Scherkus et al., 2016). By contrast, MGP consumption 

showed rapid decrease from the initial concentration within the first six hours of reaction 
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followed by a plateau until the end of experiment. Further conversion of MGP at a later 

stage was not observed since the nucleophilic attack of AES complex was no longer 

feasible at this point due to enzyme active site predominantly involved in chain 

propagation reaction (Ye et al., 2010). 

 

4.7.3 Temperature 

Based on the ANOVA in Table 4.2, the effect of temperature on the dried weight of 

functionalised oligomer was significant (p < 0.05). Its production was enhanced when 

reaction temperature increased from 40 to 60 °C (Figure 4.3). The highest dried weight 

of 6.0 % w/v was observed at 60 °C. At higher temperature, the chain propagation 

proceeds at a higher rate due to the fact that reactant molecules has sufficient kinetic 

energy to overcome the activation barrier for chemical reaction to occur (Wu et al., 2017). 

Higher reaction temperature also helps to increase the solubility of reactants in the 

reaction mixture (Lambermont-Thijs et al., 2010). The poor solubility of reactant is one 

of contributing factor of mass transfer resistance. In our case, both ECL and MGP were 

found to be completely dissolved in tert-butanol for the concentration and temperature 

ranges tested i.e. 3.8-11.5 % w/v, 0.04-0.14 % w/v, and 40-60 °C respectively. Further 

increase of temperature above 80 °C may reduce the lipase activity due to thermal 

inactivation (Wang et al., 2017). 

 

4.7.4 Agitation Rate 

Generally, an increase of agitation rate above 180 rpm will introduce higher shear force 

on the immobilized lipase which promotes enzyme leakage. Meanwhile agitation rate 

below 90 rpm was not suitable due to poor access of substrates to the active site within 

immobilize matrix (Gopinath & Sugunan, 2007). Based on the ANOVA, the effect of 

agitation rate was found to be insignificant (p > 0.05). The rate of reaction remain 
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unaffected when factor level agitation rate increased from 90 to 180 rpm (Figure 4.3). It 

is likely that the range of agitation rate applied in this study satisfies the interfacial mass 

transfer requirement for efficient process. From the factorial experiment, the agitation 

rate applied has the added advantage of minimising shear force impact on the labile 

immobilized lipase. 

 

4.8 Establishment of Maximum Response 

The combination of input variables setting for maximum response was determined 

based on the individual or multiple responses. In the current study, the maximum dried 

weight of functionalised oligomer was statistically determined according to its 

desirability function (Df). Combinations of variables setting were investigated until Df 

reaches maximum value indicating the settings are favourable for maximum response as 

a whole. Response optimizer program in Minitab® 18 software was used to maximize the 

experimental response corresponding to the selected operating variables. 

The maximum value of dried weight of functionalised oligomer is predicted at 10.993 

± 0.100 % w/v with desirability function of 0.973, which is very close to 1.000 indicating 

successful optimization for obtaining maximum response target (Table 4.3). Validation 

experiments were carried out using selected significant variables with high-level settings 

for maximum functionalised oligomer production. On the other hand, the levels for 

insignificant variables were fixed at minimum settings. Half factorial design was 

validated experimentally using the combination of variables for maximum response 

determined using response optimizer of the software. The validation experiment showed 

dried weight production of 10.67 % w/v was achieved, which agreed well with the 

predicted response. 
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Table 4.3: Response optimizer of selected operating variables. 

 Prediction Experiment 
Dried weight % w/v (± SE) 10.993 ± 0.102 10.673 ± 0.350 
   

Variables Best setting 
 Lipase loading (% w/v) 2.80 
 Initial ECL (% w/v) 11.46 
 Initial MGP (% w/v) 0.04 
 Temperature (°C) 60.0 
 Agitation rate (rpm) 90 
SE: Standard error 

 

 

4.9 Effect of Substrate Conversion on Molecular Weight 

4.9.1 ε-Caprolactone 

At fixed concentration of methyl-D-glucopyranoside (MGP) at 1.84 mM (Figure 

4.4A), 4.60 mM (Figure 4.4B) and 7.36 mM (Figure 4.4C), the effect of ɛ-caprolactone 

(ECL) conversion on molecular weight of functionalised oligomer were plotted as 

function of time. For all cases, the conversion of ECL monomer increased steadily from 

the start of reaction and was found to be more than 80 % converted after 36 hours of 

reaction. Similar trend was observed for the increase in molecular weight of 

functionalised oligomers, which the observed molecular weight was found to increase 

more than 1,200 g mol-1 after 36 hours. The steady increase in molecular weight and ECL 

conversion for all cases during early stages of the reaction indicated that the polymer 

propagation rate was the dominating step (Huang et al., 2015; Sha et al., 2005). No 

observable reversion of the polymerization was recorded during the course of the reaction. 

It could be partly prevented due to continuous evaporation of water by product from the 

reaction liquid and subsequently adsorbed by molecular sieve bed indicated in Figure 3.1. 

Water molecules are produced as by product from esterification of MGP to ECL monomer 

and during chain propagation step of ECL oligomer.  

Univ
ers

ity
 of

 M
ala

ya



63 

 

Figure 4.4: Effect of varied ɛ-caprolactone (ECL) conversion (%) on molecular weight 
(g mol-1) of functionalised oligomer at fixed methyl-D-glucopyranoside (MGP) (A) 1.84 
mM of MGP; (B) 4.60 mM of MGP; (C) 7.36 mM of MGP 
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Figure 4.4, continued. 

 

4.9.2 Methyl-D-glucopyranoside 

At fixed concentration of -caprolactone (ECL) at 0.34 M (Figure 4.5A), 0.50 M 

(Figure 4.5B) and 1.00 M (Figure 4.5C), the effect of methyl-D-glucopyranoside (MGP) 

conversion on molecular weight of functionalised oligomer were plotted as function of 

time. Steady increase of MGP conversion at early reaction stage could be due to the 

esterification activities between acid (acyl donor) and alcohol (acyl acceptor), 

respectively (Yan et al., 2014). In this case, the carboxyl group of acylated enzyme-

substrate (AES) complex of ECL monomer/oligomer is attributed to acyl donor whereas 

the hydroxyl group of C6 in MGP is the acyl acceptor. However, the MGP conversion 

showed constant profile after 6 hours reaction due to the chain propagation of 

functionalised oligomer. 

The increase in molecular weight at constant MGP conversion rate was attributed to 

ECL chain propagation by the addition of acyclic ECL monomer to the terminal -OH 

Univ
ers

ity
 of

 M
ala

ya



65 

group of the propagating oligomer. It was obvious that active esterification of ECL and 

MGP occurred concurrently with propagation step of ECL oligomeric chain during early 

phase of the reaction as described earlier. However, no further esterification occurred 

when certain molecular weight values of the functionalised oligomer were attained. This 

could be attributed to (i) depletion of ECL monomers, and/or (ii) steric effect from the 

acyl chain of certain threshold molecular weight, impeding the formation of new ester 

bond between MGP and available free carboxyl terminal of ECL oligomer chain (Castano 

et al., 2014; Sen & Puskas, 2015). 
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Figure 4.5: Effect of varied methyl-D-glucopyranoside (MGP) conversion (%) on 
molecular weight (g mol-1) of functionalised oligomer at fixed -caprolactone (ECL) (A) 
0.34 M of ECL; (B) 0.50 M of ECL; (C) 1.00 M of ECL 
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Figure 4.5, continued. 

 

4.10 Initial Rate of Reaction 

For the determination initial rate of reaction (v0), experiments were carried out in round 

bottom glass reactor (Figure 3.1) for varied starting concentrations of ECL and MGP at 

60 °C for 48 hours. The changes in v0 as a function of varied initial ECL and MGP 

concentrations were shown in Figure 4.6. From the graph, the v0 values increased with 

the concentration of ECL at fixed MGP concentration, and similarly for varied 

concentrations of MGP at fixed ECL concentration, respectively. It was observed that at 

fixed MGP concentration, the v0 values apparently starting to reach a plateau when the 

ECL concentration was increased (Figure 4.6A). On the other hand, at fixed ECL 

concentration, the v0 values increased steadily as MGP concentration become higher 

(Figure 4.6B). 
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Figure 4.6: Initial rates (v0) at varied initial substrate concentration (A) ɛ-Caprolactone 
(ECL); (B) Methyl-D-glucopyranoside (MGP) 

 

4.11 Proposed Reaction Mechanism 

In the current study, initiation route of terminal end functionalisation was proposed for 

the production of MGP-functionalised ECL oligomer (MGP-6-O-oligo-ECL). The 

reaction mechanism of lipase-catalysed formation of MGP-functionalised ECL oligomer 

was adopted and modified from previous studies (Albertsson & Varma, 2003; Barrera-

Rivera et al., 2008; Duda et al., 2002; Kobayashi & Uyama, 2002; Mehta et al., 2007; 

Uyama et al., 1998). The overall reaction consists of two consecutive steps corresponding 

to (i) acylation of MGP by ECL followed by (ii) the chain propagation of the 
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functionalised oligomer. In the acylation step, ping-pong bi-bi mechanism of lipase-

catalysed acylation of MGP was proposed. Subsequently, the reaction proceeds with 

chain propagation step of the acylated ECL monomer or oligomer via living 

polymerization mechanism. 

 

4.11.1 Ping-pong Bi-bi Mechanism of Esterification  

The first step of functionalisation involves the attachment of MGP with ECL. The 

ping-pong bi-bi mechanism was proposed for lipase-catalysed esterification of ECL with 

MGP. Sugar moiety from the functional group in MGP was attached to the terminal 

carboxyl group of ECL releasing two products sequentially along the way viz. water 

molecule and acylated MGP. The general reaction sequences describing ping-pong bi-bi 

mechanism without ternary complex is illustrated in Figure 4.7. 
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Figure 4.7: Reaction scheme of lipase-catalysed esterification of ECL with MGP (A) 
Ring opening of ECL; (B) Molecular rearrangement; (C) MGP acylation; (D) 
Regeneration of free enzyme 

 

According to reaction scheme, the reaction between lipase and cyclic monomer ECL 

begins with nucleophilic attack of ester group of ECL by lipase –OH results in the opening 

of ECL ring system with the formation of intermediate (I) (Figure 4.7A). Next, the first 

molecular rearrangement of intermediate will lead to the release of first product e.g., 

water molecule and the formation of acylated lipase-hydroxyhexanoic acid complex (II) 

(Figure 4.7B). The proposed step of ring opening of ECL (Figure 4.7A) was characterized 

by the steady increased in ECL conversion profile (Figure 4.4). Then, deacylation of 

acylated lipase-hydroxyhexanoic acid by the nucleophilic attack of OH in the MGP, 
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producing the second intermediate (III) (Figure 4.7C). The proposed mechanism of MGP 

acylation (Figure 4.7C) was attributed to the esterification of activated lipase-acyl 

complex by the OH group of MGP indicated by the rapid increased in MGP conversion 

before reaching a constant value upon attaining a certain molecular weight (Figure 4.5). 

Followed by the second molecular rearrangement (Figure 4.7D), products include lipase 

and oligomeric sugar ester or methyl-6-O-(hydroxyhexanoyl)n-D-glucopyranoside (IV) 

where n is the repeating unit hydroxyhexanoic acid obtained from the deacylation of acyl 

complex of lipase-hydroxyhexanoic acid. It is noted that both acyclic ECL monomer and 

ECL oligomers possess only a single available terminal carboxyl group for esterification. 

 

4.11.2 Living Polymerization Mechanism of Chain Propagation 

The general mechanism for lipase-catalysed chain propagation of MGP-functionalised 

ECL oligomer was described based on the given reaction scheme (Figure 4.8). After 

successful functionalisation, a chain propagation step was initiated by the regioselectivity 

of lipase. The general mechanism involved the reaction between acylated lipase-

hydroxyhexanoic acid complex (II) and ECL monomeric/oligomeric sugar ester or 

methyl-6-O-(6-hydroxyhexanoyl)-D-glucopyranoside (IV) resulted in the addition of one 

unit hydroxyhexanoic acid unit into the main chain (Figure 4.8A). Propagation of initial 

ECL monomeric/oligomeric sugar ester (V) resulted in growing polymer chain before 

termination giving the final product of methyl-6-O-oligo(caprolactone)n-D-

glucopyranoside (VI) with regeneration of free lipase (Figure 4.8B). The acylation of 

sugar for a single acylated enzyme-substrate complex was hypothesized to occur 

subsequent to ring opening of ECL monomer. Then, the chain propagation step of free 

terminal carboxyl group ensued before the termination step. In this study, termination of 

propagation step is attributed to reduction in esterification activity from depletion in ECL 

monomer availability at high conversion rate. This was supported by the constant 
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molecular weight of functionalized oligomer when ECL conversion was higher than 80 

% (Figure 4.4). 

 

 

Figure 4.8: Reaction scheme of lipase-catalysed chain propagation step MGP-
functionalised ECL oligomer (A) Nucleophilic attack of acyl complex; (B) Regeneration 
of free enzyme 
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4.12 Kinetic of Ping-pong Bi-bi Mechanism of Esterification 

4.12.1 Linearization of Lineweaver-Burk Plot 

Linearization analysis of initial velocity v0 can be carried out using Lineweaver-Burk 

(LB) or double reciprocal plot. The linear plot can also be used to identify the presence 

substrate inhibition effects on the current experimental data according to ping-pong bi-bi 

mechanism (Figure 4.9). The reciprocal of initial rates (1/v0) were plotted as a function 

of reciprocal of varied substrate concentrations (1/S). Since the slopes for each of linear 

lines were different, the uncompetitive inhibition can be ruled out. Competitive inhibition 

was also ruled out since no single intercept by the lines was observed at the abscissa 

(1/ECL = 0) with the increase in both MGP and ECL concentrations indicating that the 

Vmax was unaffected. Intercepts at common point on x-axis were not possible for different 

values of y-intercept thus ruling out the ternary complex formation in the current study 

(Yadav & Devi, 2004). 
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Figure 4.9: Lineweaver-Burk plots for varied substrate concentration (A) ɛ-Caprolactone 
(ECL); (B) Methyl-D-glucopyranoside (MGP) 
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4.12.2 Nonlinear Analysis of Ping-pong Bi-bi Model 

The equation for initial velocity of ping-pong bi-bi model (Eq. 3.2) was solved using 

nonlinear regression analysis. Kinetic parameter values including Vmax, KmMGP and KmECL 

in the equation were estimated using Polymath® 6.0. Levenberg-Marquardt algorithm 

was used in finding the global solution of parameter values. The estimated kinetic 

parameter values were summarized in Table 4.4. The 95% confidence interval of each of 

predicted kinetic parameter values (Table 4.4) must be significantly smaller than the 

respective parameter numerical values (in absolute term) (Bernaerts et al., 2002). Thus, 

the estimated kinetic model parameters were validated statistically, thus supporting ping-

pong bi-bi model as a stable and valid proposition. 

Table 4.4: Kinetic parameters for the ping-pong bi-bi model. 

Kinetic Parameters  Predicted Value  95% confidence interval 
Vmax (M h-1)  3.848  10-3  6.330  10-6 
KmMGP (M)  8.189 × 10-2  2.270  10-4 
KmECL (M)  6.050  2.491  10-2 

 

It was found that for both substrates, the Michaelis-Menten constant values for ECL 

(KmECL) was higher than MGP (KmMGP), indicating strong affinity towards MGP by lipase 

compared to ECL. Thus, MGP is considered as the limiting substrate based on the 

predicted kinetic parameters in Table 4.4. According to the proposed mechanism (Section 

4.11.1), the predicted Vmax value (Table 4.4) is due to the acylation steps of acyl complex 

of lipase- hydroxyhexanoic acid (acyl donor) towards the OH group of MGP (acyl 

acceptor). Furthermore, the deacylation of acyl complex of lipase-hydroxyhexanoic acid 

by the OH group in MGP was proposed as the rate-determining step in lipase-catalysed 

functionalisation of MGP and ECL monomer/oligomer followed by the regeneration of 

free lipase. Similarly, the rate determining step of acyl-transfer from the catalyst-substrate 

complex to the alcohol has been proposed previously (Lee et al., 2012). 
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The kinetic model validation of ping-pong bi-bi mechanism for the lipase-catalysed 

MGP functionalisation of ECL oligomer was carried out. The predicted kinetic 

parameters from the nonlinear regression analysis were applied in Eq. 3.2 to obtain 

predicted initial velocity values. From Figure 4.10, the Pearson correlation coefficient, R2 

= 0.9708 indicated the predicted initial velocities agreed well with the experimental data. 

In addition, simulation of initial velocities was carried out for varied ECL concentrations 

at fixed MGP concentrations by using the obtained kinetic constants (Figure 4.11). The 

plotted graphs showed good agreement between the predicted values and experimental 

data. Thus, lipase-catalysed MGP functionalisation of ECL oligomer is adequately 

described using ping-pong bi-bi mechanism. 

 

Figure 4.10: Plot of experimental and predicted initial velocities (v0) determined from 
ping-pong bi-bi model (R2 is Pearson correlation coefficient) 
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Figure 4.11: Plots of experimental and predicted initial velocities (v0) as function of 
varied ECL concentrations (A) 1.84 mM of MGP; (B) 4.60 mM of MGP; (C) 7.36 mM 
of MGP (R2 is Pearson correlation coefficient)  
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4.13 Kinetic of Living Polymerization Mechanism of Chain Propagation 

 The kinetic parameters describing the chain propagation was estimated from linear 

regression analysis e.g., plot ln (M0/M) versus time where M0 and M are monomer 

concentrations of starting and apparent, respectively. The apparent rate constant rApp, can 

be determined from the slope of ln (M0/M) versus time, which was also used to 

demonstrate the living polymerization characteristic of the propagation step for MGP-

functionalised ECL oligomer. 

The apparent rate constant values determined from the linear regression analysis after 

12 hours reaction were summarized in Table 4.5. At fixed MGP concentration of 1.84 

mM, the conversion of ECL monomer increased with varied ECL concentration of 0.34, 

0.50 and 1.00 M. Similar trend were observed when MGP concentration was fixed at 4.60 

and 7.36 mM. The polymerization of MGP-functionalised ECL oligomer occurred with 

maximum conversion above 70 % was observed after 12 hours reaction at the highest 

starting ECL concentration. However, at the lowest starting ECL concentration of 0.34 

M, the maximum conversion of ECL after 12 hours reaction was observed less than 50 

%. The molecular weight of MGP-functionalised ECL oligomer after 12 hours reaction 

was increased corresponding to the increase in apparent rate constant values when starting 

ECL concentration was varied from 0.34 to 1.00 M. In the chain propagation step, 

regeneration of free lipase was considered the rate-limiting step if ECL is kept at 

saturating concentration. 

The living or controlled polymerization is defined as any reaction which does not 

undergo chain termination or chain transfer step and the rate of monomer consumption in 

the propagation step follows the first-order rate law. The significance of living 

polymerization mechanism was due to its ability to control the macromolecular 

architecture of the polymer that leads to well-defined materials (Wei et al., 2018; Xu et 

al., 2014). The observed linearity from the plot of ln (M0/Mt) versus time and molecular 
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weight (g mol-1) versus conversion (%) can be used to establish the incidence of living 

polymerization based on the current kinetic data. 

Table 4.5: Kinetic parameters of living polymerization for MGP-functionalised ECL 
oligomer. 

MGP 
(mM) 

ECL 
(M) 

ECL 
conversiona 
(%) 

Molecular 
weightb 
(g mol-1) 

PDI Apparent 
rate 
constantc 
(h-1) 

95 %  
confidence 
interval 

1.84 0.34 45.9 1013 1.433 0.0542 0.0027 
0.50 59.9 1316 1.532 0.0677 0.0049 
1.00 76.6 1599 1.462 0.0822 0.0085 

4.60 0.34 44.9 1040 1.469 0.0554 0.0032 
0.50 56.4 1299 1.492 0.0619 0.0038 
1.00 71.0 1550 1.521 0.0771 0.0076 

7.36 0.34 47.8 1005 1.438 0.0549 0.0025 
0.50 62.9 1240 1.522 0.0670 0.0043 
1.00 73.5 1593 1.491 0.0897 0.0119 

a Dried weight analysis after 12 hours reaction 
b GPC analysis MGP-functionalised ECL oligomer samples after 12 hours reaction 
c Determined from the slope of ln (M0/Mt) versus time 

 

In the proposed chain propagation mechanism, the plot of ln (M0/Mt) versus time was 

constructed for varied concentrations of ECL (Figure 4.12). From the linear regression 

analysis, the correlation coefficient (r2) values were > 0.90 for all ECL concentrations 

within the reaction time range of 48 hours, which indicated that the polymerization 

proceeded under controlled or living mechanism. The r2 values slightly decreased as the 

starting ECL concentration was increased up to 1.00 M. However, none of the r2 values 

showed similar pattern when the starting MGP concentration was increased. Based on 

this observation, the controlled polymerization process was affected by the concentration 

of ECL substrate. It can be concluded that the propagation of ECL chain with free 6-

hydroxyhexanoic monomer follows living polymerization mechanism without the chain 

termination step within the time range of interest. 
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Figure 4.12: Plots of ln (M0/M) versus time (h) for varied ECL concentrations at fixed 
MGP concentrations (A) 1.84 mM of MGP; (B) 4.60 mM of MGP; (C) 7.36 mM of MGP 

  

Univ
ers

ity
 of

 M
ala

ya



81 

Based on the plots in Figure 4.13, the molecular weight of functionalised oligomer 

increased rapidly with the ECL conversion (%) at the early stage of chain propagation 

step. As the reaction progress, the molecular weight remains unchanged after ECL 

conversion has reached 75 %. At varied starting ECL concentrations of 0.34, 0.50 and 

1.00 M, there was insignificant different in the molecular weight observation at fixed 

initial MGP concentrations of 1.84, 4.60 and 7.36 mM. However, the observed maximum 

molecular weight did not exceeded 1,600 g mol-1. Furthermore, the molecular weight was 

obtained at 90 % conversion after 48 hours reaction for all varied initial ECL 

concentrations, and for every fixed initial MGP concentration. The increase in the 

molecular weight suggested that the rate of chain propagation was significant than the 

chain termination rate. Based on linear regression analysis of the plots, the lowest r2 value 

(r2 < 0.80) was observed for the highest ECL concentration of 1.00 M (Figure 4.13C). 

However, for ECL concentrations of 0.34 (Figure 4.13A) and 0.50 M (Figure 4.13B), the 

r2 showed considerably good correlation with values more than 0.80 (r2 > 0.80). From the 

observation, an increase in starting ECL concentration may reduce the ability of the 

process to polymerize under living or controlled polymerization process. Based on the 

observed relationship between molecular weight (g mol-1) and monomer conversion (%), 

the chain propagation of MGP-functionalised ECL oligomer was well controlled at least 

within the reaction time of interest. 

The overall chain propagation step proceeds via living polymerization with no 

termination steps within the time range of interest, and monomer consumption obeyed 

first-order rate law. Living polymerization in the MGP-functionalised ECL oligomer 

production is desirable for the synthesis of tuneable functionalised polymer with narrow 

molecular weight range. 
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Figure 4.13: Plots of number average molecular weight (g mol-1) versus ECL conversion 
(%) for varied ECL concentrations at fixed MGP concentrations (A) 1.84 mM of MGP; 
(B) 4.60 mM of MGP; (C) 7.36 mM of MGP 
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4.14 Product Characterization 

4.14.1 FTIR Analysis 

Dried samples obtained from the drying process (Section 3.5) were used for the FTIR 

analysis. FTIR spectrum was determined in the range of 4,000 to 400 cm-1 (Figure 4.14). 

Based on the spectrum, the presence of peaks at 1,402 and 1,210 cm-1 were attributed to 

stretching vibrations of –OCH group in C1 of MGP ring and –COCH3 group in C1 of 

substituted methyl group in MGP, respectively (Ibrahim et al., 2006; Korolevich et al., 

2007). Thus, the presence of sugar functional group in the ECL oligomer chain was 

indicated based on these two significant peaks. The highest peak intensity detected at 

1,722 cm-1 was associated with -COO-R ester functional group, which is used as an 

indicator for repeating unit in the PCL main chain (Gumel et al., 2013; Li et al., 2013). 

The formation of broad peak around 3,420 cm-1 was attributed to -OH of terminal end 

ECL oligomer chain indicating the presence of linear polymer (Feng et al., 2012; He et 

al., 2015). The detected peaks at 2,945 cm-1 and 2,867 cm-1 were attributed to stretching 

vibration of –CH moieties of PCL, thus confirming the presence of linear main chain (He 

et al., 2015; Liu et al., 2004).  
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Figure 4.14: FTIR spectrum (A) MGP-functionalised ECL oligomer (MGP-6-O-oligo-
ECL); (B) Neat ECL oligomer; (C) Commercial MGP 
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4.14.2 NMR Analysis 

1H NMR analysis was carried out for dried samples withdrawn from the reactor during 

early stages of the reaction to authenticate product formation, acylation and propagation 

mechanism. Figure 4.15 showed the spectrum for functionalisation product detailing the 

signals for (i) ECL monomeric sugar ester or methyl-6-O-(hydroxyhexanoyl)-D-

glucopyranoside (MGP-6-O-ECL), (ii) ɛ-caprolactone (ECL), (iii) methyl-D-

glucopyranoside (MGP) and (iv) ECL oligomeric sugar ester or methyl-6-O-

(hydroxyhexanoyl)n-D-glucopyranoside (MGP-6-O-oligo-ECL). The chemical 

assignments were in agreement to previous literature (Ariffin et al., 2014; Feng et al., 

2015; Galia et al., 2016; Li et al., 1999; Saravanamoorthy et al., 2015; Song et al., 2016). 

Figure 4.15A showed the proton spectrum for purified samples obtained at two hours 

of reaction. The chemical shift signals at 1.385 ppm and 1.653 ppm were assigned to 

methylene proton (-CH2-) of c and b + d, respectively. The signals at 2.313 ppm and 3.651 

ppm were attributed to methylene proton assigned to a and e corresponding to the ester 

group (-CH2-COO) and the terminal end of -OH group (-CH2-OH) in the ECL monomeric 

sugar ester compound (methyl-6-O-(hydroxyhexanoyl)-D-glucopyranoside), 

respectively. The formation of terminal end -OH group is significant indicator for the 

nucleophilic attack of carbonyl carbon in ECL ring system by lipase resulting in the ring 

opening of the ECL monomer (Duchiron et al., 2015). The signal of methylene proton e 

corresponding to ester group was subjected to the nucleophilic attack of MGP indicating 

acylation step. The signal at 1.770 ppm from unreacted ECL was assigned to the 

methylene proton of n + o + p. The signal at 2.646 ppm was attributed to methylene 

proton m adjacent to acyl group of (-CH2-COO). The signal assigned to methylene proton 

q adjacent to oxygen atom (-CH2-O) was detected at 4.250 ppm. The chemical shift 

signals for MGP at 3.431 ppm and 4.775 ppm were assigned to methyl group (-CH3) x 

and H atom r respectively. The chemical shift at δ 4.200-4.300 ppm corresponded to 
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methylene proton w adjacent to the oxygen atom that bind to the 6-hydoxyhexanoic acid 

intermediate. Due to many overlapping signals in the region of δ 3.400-3.720 ppm, the 

signals for single proton u, t and s in the MGP were difficult to observe (Ariffin et al., 

2014). 

After three hours reaction (Figure 4.15B), the spectrum shows additional chemical 

shift at δ 4.063 ppm attributed to methylene proton j located adjacent to oxygen of intra-

chain repeating unit of ECL oligomer. There was no signal corresponding to the formation 

of ECL oligomer detected at the same chemical shift from samples obtained before or at 

two hours reaction. This suggests that the incidence of propagation step most likely 

initiated after two hours reaction as indicated in Figure 4.15B (Elomaa et al., 2011; Jikei 

et al., 2015). The intensity of signals detected at δ 2.313 ppm and δ 3.651 ppm assigned 

to the methylene proton f and k indicated the formation of repeating units of ECL 

monomer with the -OH group at the terminal end of ECL oligomer. By comparing with 

the signals assigned to methylene proton a and e (Figure 4.15A), the increase in signals 

intensity assigned to methylene proton f and k (Figure 4.15B) suggested the occurrence 

of chain propagation step in the proposed mechanism. The chemical shifts for MGP were 

detected at δ 3.431 ppm and δ 4.775 ppm corresponding to methyl group x and hydrogen 

atom r, respectively. The signal at δ 4.250 ppm signifying the presence of methylene 

proton from the formation of covalent bond between -OH group of C6 in MGP and the 

carboxylic acid end group of the 6-hydroxyhexanoic acid consequent to the ring opening 

of ECL. It is hypothesized that sugar acylation step could occur for a single 6-

hydroxyhexanoate monomer followed by propagation step, or for a nascent oligomer 

chain with free carboxyl terminal followed by further propagation before termination step 

in both cases (Ariffin et al., 2014; Gumel et al., 2013). 
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Figure 4.15: 1H NMR spectrum of functionalisation product (A) Two hours reaction; (B) 
Three hours reaction  
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4.14.3 TGA Analysis 

Samples from the validation experiment were subjected to thermal gravimetric 

analysis (TGA analysis). The thermogram of functionalised oligomer indicated its overall 

decomposition proceeded in three stages (Figure 4.16). The first stage was attributed to 

the loss of moisture at temperature range 35-140 °C which was due to water molecules in 

the samples. This was followed by the second degradation stage corresponding to the 

decomposition of sugar moiety at estimated temperature range of 150-240 °C (Figure 7). 

The decomposition of methyl-D-glucopyranoside (MGP) is due to cleavage between 

methoxy- and glucosyl group which further condensed with other sugar molecules has 

led to the formation of lower molecular mass of fragmented glycan (Ariffin et al., 2014). 

The third stage of decomposition corresponds to the degradation of PCL main chain at 

estimated temperature range of 240-520 °C (Figure 4.16). Constant percentage weight 

loss above 520 °C exhibits the complete thermal decomposition of functionalised 

oligomer. 

In the case of neat PCL, the thermogram indicated two stages of degradation process 

including the first stage of moisture evaporation and followed by the PCL main chain 

degradation started at 240 ºC until constant weight loss above 500 ºC. The amount of 

sugar moiety was estimated to be less than 20 % based on the percentage of total weight 

loss during the degradation. Furthermore, the addition of sugar moiety has increased 

slightly the thermal stability of sugar-functionalised oligomer with initial decomposition 

temperature of the main chain at 240 ºC instead of 220 ºC as exhibited by the neat ECL 

oligomer. As previously reported, the addition of sugar moiety has increased the 

decomposition temperature of functionalised biodegradable polymer under constant 

heating rate (Gumel et al., 2013).  
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Figure 4.16: TGA curve of neat ECL oligomer and MGP-functionalised ECL oligomer 
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CHAPTER 5: CONCLUSION 

In this study, one-pot synthesis of lipase-catalysed MGP-functionalised ECL oligomer 

was carried out in a bench-scale custom-fabricated enzymatic reactor. Reactions were 

performed in a batch mode in order to evaluate the effects of selected operating variables 

on the production of functionalised oligomer and its kinetic mechanism studies. Based on 

the finding, it is concluded that: 

 The main effects of lipase, initial ECL concentration and temperature are significant 

with positive effect on the synthesis of functionalised oligomers whereas the effect of 

initial MGP concentration and agitation rate are insignificant; 

 The effects of interaction between variables are significant suggesting the relationship 

between variables affects the final product yield; 

 Kinetic model of ping-pong bi-bi without ternary complex and living polymerization 

mechanisms were proposed for the esterification and chain propagation, respectively, 

and they showed good correlation with experimental data; 

 The estimated kinetic parameters of ping-pong bi-bi mechanism indicated that initial 

MGP concentration is the rate limiting substrate during the esterification step; 

 Linear regression analysis indicates that living polymerization mechanism is 

applicable for chain propagation step of the functionalisation reaction; 

 A linear relationship between conversion (%) and Mn was observed, indicating 

controlled rate of propagation in the absence of chain termination step; 

 The functionalised oligomer are characterized by molecular weight of narrow 

polymer dispersity index (PDI) range from 1.30 to 1.70 with higher ECL monomer 

conversion rate signifying its potential for the production of carbohydrate-

functionalised bio-oligomer with controllable molecular weight as platform 

chemicals. 
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