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ABSTRACT

Poly-e-caprolactone (PCL) is a semi-crystalline polyester, hydrophobic in nature
and highly degradable. However, these properties make it unsuitable for many
applications. Blending of PCL oligomers with other polymer(s) helps to improve its
characteristics. It is suggested that by degrading the long PCL chain into moderate
length would permit the blending and functionalization processes to be more amenable
to control variables. In this study, lipase-catalyzed hydrolysis of PCL in toulene was
investigated. PCL with number-average molecular weight (M,) 10,000 g mol™! was
hydrolyzed using immobilized Candida antarctica lipase B (CALB). The increase in
PCL concentration led to a decrease in degradation rate. Enhanced rate was observed
when reaction temperature was increased from 30 to 50 °C. Enzymatic chain scission of
PCL vyielded cyclic dicaprolactone, tricaprolactone, tetracaprolactone and oligomers
with M, less than ~ 1000 g mol!. Catalytic formation of cyclic lactones via back-biting
mechanism in low water content environment was attributed to CALB. Its hydrolysis of
PCL displayed consecutive random- and chain-end scission with time from detailed
thermal, molecular weight and structural analyses. Apparent activation energy, E, for
hydrolysis was 45 kJ mol"i.e. half of that reverse reaction. Dicaprolactone and
oligomers from hydrolysis readily re-polymerized to produce mid-range polymer
with M, 1400 g mol” after 36 hours in the same reaction medium. These versatile
oligomers can be applied as integral components for processes such as copolymerization

or functionalization of valuable compounds.
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ABSTRAK

Poly-e-caprolactone (PCL) adalah polyester yang bersifat separa kristal,
hydrofobik secara semula jadi dan mudah terurai. Walaubagaimanapun, sifat-sifat
fizikal ini tidak sesuai untuk kebanyakan aplikasi. Penggabungan oligomer dengan
polimer lain dapat membantu untuk memperbaiki ciri-cirinya. Pemotongan rantai
panjang PCL kepada sederhana panjang membuatkan proses penggabungan dan
functionalization antara polimer lebih mudah dan perubahannya boleh dikawal. Kajian
mengenai Lipase sebagai pemangkin hydrolisis polycarolactone dalam toluene telah
dijalankan. PCL yang mempunyai nombor purata berat molekul (M,) 10,000 g mol!
telah dihydrolisis menggunakan immobilized Candida antarctica lipase B (CALB).
Pertambahan kepekatan PCL menyebabkan kadar degradasi menurun. Peningkatan
kadar degradasi dapat diperhatikan apabila suhu tindak balas kimia meningkat daripada
30 kepada 50 °C. Kesan pemotongan rantaian PCL oleh CALB menghasilkan cyclic
dicaprolactone, tricaprolactone, tetracaprolactone dan oligomer dengan M, kurang
daripada ~1000 g mol™!'. Pembentukan cyclic lactones melalui mekanisma ‘back-biting’
dimangkinkan oleh CALB dalam persekitaran yang rendah kandungan air. Hydrolisis
PCL menunjukkan CALB memotong secara rawak dan di bahagian akhir rantaian
polimer secara berturutan dengan masa berdasarkan analisis haba, berat molekul dan
struktur polimer. Tenaga pengaktifan hydrolysis, E. adalah 45 kJ mol™! iaitu separuh
daripada reaksi terbalik. Selepas 36 jam, dicaprolactone dan oligomer digunakan
kembali oleh CALB untuk proses polymerization menghasilkan polymer yang
mempunyai berat molekul, M, 1400 g mol! dalam medium tindak balas yang sama.
Oligomer serba guna ini boleh digunakan sebagai komponen penting untuk proses

seperti copolymerization atau functionalization sebatian yang berharga.
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CHAPTER 1

INTRODUCTION

Excellent progress has been made in the application of degradable polymers like
poly-e-caprolactone (PCL) as tissue-growth scaffolds (Reed et al., 2009; Van Lieshout
et al., 2006), scaffold component for tissue engineering (Li ef al., 1990a; Rentsch et al.,
2009; Williamson & Coombes, 2004), anti-adhesion film (Lo et al., 2010), suture
coating (Yang et al., 2002), drug delivery devices (Pitt et al., 1987) and food packaging
(Siracusa et al., 2008) because of its biocompatible and non-toxic properties (Arote et
al., 2007). Unlike natural polymer, cells cannot assimilate most synthetic polymers
because the degraded products are found to be toxic to them (Gupta et al., 2002; Zeng et
al., 2004). Although PCL exhibits attractive properties, being hydrophobic in nature
made it unsuitable for many applications. Meanwhile, blending of PCL with other
polymer(s) helps to improve its characteristics (Chen et al., 1982; Gupta et al., 2002;
Rittié¢ & Perbal, 2008). It is recommended that the long PCL chain to be fragmented into
moderate length prior to blending and functionalization processes, which allows for

more amenable and controllable variables (Giri et al., 2001).

It was demonstrated that lipase possesses wide substrate specificity with the
ability to hydrolyze PCL in aqueous solution (Chen et al., 1982). This has been
demonstrated in a small scale but has yet to become viable for industrial application
because of its low yield, enzyme reusability and cost issues. Furthermore, there is an
outstanding issue of the very low solubility of hydrophobic PCL in the aqueous solution
(Giri et al., 2001). The use of immobilized enzyme for PCL degradation in organic
solvent is a promising route in improving reaction kinetic, increasing the yield of

degradation products and ease in products separation compared to aqueous mixture



(Arote et al., 2007; Zaks & Klibanov, 1985). More importantly, PCL is more soluble in

the organic solvent than aqueous solution (Coulembier et al., 2006).

Since many enzyme kinetic studies involve soluble substrates reactions, Gumel
et al. (2013) devised two immiscible solvents solution as a mixed medium in lipase-
catalyzed esterification of 6-O-glucosyl-poly(3-hydroxyalkanoate) in order to improve
polymer dissolution. Yet, single-type, dry organic solvent as reaction medium could be
a viable solution to the solubility issue since immobilized enzyme such as CALB still
contains about 1 wt % water (Deniz & Chang, 2000; Singh et al., 2000; Uyama &
Kobayashi, 2006) for it to perform degradative catalysis in organic solvent. This
nominal amount of water is hypothesized to be sufficient for the enzyme to favor the
hydrolysis of PCL as long as aqueous microenvironment on the surface of enzyme is
not stripped away by the organic solvent (Kula, 2008). Paravidino ef al. (2012) reported
that non-polar solvent environment resulted in reduced flexibility of CALB in the core
and the active site but higher flexibility for residues located on the surface. Proper
selection of reaction medium for CALB is very crucial since five surface elements of
CALB consisted of a short a-helix (residues 139-150), a long a-helix (residues 266-289)
that forms the entrance to the active site, and three surface loops (residues 26-30, 92-97
and 215-222) exhibiting solvent-dependent flexibility change. Non-polar solvents do
not alter the backbone and the total surface area of CALB but hydrophilic surface
exposure is significantly decreased compared to when CALB is in aqueous environment
(Rudd et al., 1984). The reduction of hydrophilic surface of CALB in non-polar solvent
concomitantly increases the exposure of its hydrophobic surface, which is expected to

improve the enzyme binding with hydrophobic PCL.

It has been reported previously that both lipase and acid hydrolysis randomly cut
at the PCL polymer backbone but lipase scission generated specific molecular sizes of

oligomers than acid hydrolysis (Kobayashi & Makino, 2009). Therefore, an



investigation on the enzymatic depolymerization of PCL in non-aqueous medium was
carried out to better understand the scission mechanism responsible and its reaction

behavior in the course of generating shorter fragments.

In this study, the investigation will address the following objectives:

* To investigate the lipase-catalyzed depolymerization of PCL in toluene;
* To study the scission models in the lipase-catalyzed process;

» To provide mechanistic explanation of lipase action towards PCL in toluene.



CHAPTER 2

LITERATURE REVIEW

2.1  POLY-&-CAPROLACTONE

In the last decades, a remarkable increase in the use of petroleum based plastics
and their environmental impact due to inappropriate disposal or incineration leading to
important environmental problems such as soil contamination and toxic gas emission
form incineration processes. This acts as driving force to the development and use of
biodegradable plastics. Poly-e-caprolactone (PCL) is well known biodegradable
polyester, with semi-crystalline properties (Figure 2.1). It is a linear polyester that
possesses hydroxyl groups on one end and carboxyl group on the other end of the
polymer chain as in Figure 2.2 (Li ef al., 1990a, 1990b). PCL has been used in scaffold
for tissue engineering (Christopher et al., 2008; Matsumura, 2006; Plackett et al.,
2006b), anti-adhesion film (Lo et al., 2010), suture coating (Barber & Click, 1992;
Griebenow & Klibanov, 1996), drug delivery (Pitt et al., 1987) and food packaging
(Plackett et al., 2006b) because they are biocompatible and non-toxic (Engelberg &

Kohn, 1991).

Amorphous Semicrystalline

Figure 2.1. Semi crystalline structure of poly-e-caprolactone
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Figure 2.2. Structure of poly-e-caprolactone

In the field of tissue engineering, researchers realized the importance of
biodegradable polymers for building scaffolds to assist cell attachment, proliferation
and functioning. These biodegradable polymers can be futher modified via physical or
chemical methods but enzyme-mediated process is seen as specific, mild and
environmentally-friendly method (Gumel et al, 2015). Attractive properties of
thermoplastic PCL are its non-toxicity, high decomposition temperature of 350 °C
(Gopferich, 1996), low glass transition (-62 °C), low melting point (57 — 64 °C) and low
unit price (Deniz & Chang, 2000). Since its natural properties made it unsuitable for
many applications, blending of PCL with other polymers helps to improve its
characteristics such as PCL blends with polylactic acid (PLA) (Patricio et al., 2013),
PCL blends with starch (Hubackova et al., 2013) and PCL blends with polyethylene

oxide (PEO) (Li et al., 2014).

Another important characteristic is its dissolution behavior in solvents. At room
temperature, PCL is soluble in dichloromethane, chloroform, toluene, carbon
tetrachloride, benzene, cyclohexanone and 2-nitropropane. PCL is less soluble in ethyl
acetate, dimethylformamide, acetonitrile, acetone, 2-butanone, and it does not dissolved

in alcohol, petroleum ether, and diethyl ether (Siracusa et al., 2008).

2.2 POLYMER IN DILUTE SOLUTIONS
It is crucial to obtain information on the behavior of polymer molecules in
selected solvents due to the different dimensions involved between them. Firstly, the

solvent molecules diffuse through the polymer matrix to form a swollen, solvated mass



called a gel. In the second stage, the gel breaks up and the molecules dispersed into a
true solution (Huang, 1995). The size or the hydrodynamic volume of the polymer
molecules in solution varies according to the type of solvents. Some polymers dissolve
readily in certain solvents, others require heating at temperature near the melting point
of the polymer. There are several factors affecting the hydrodynamic volume including
interaction between solvent and polymer molecules, chain branching, conformational
effects arising from the polarity and steric bulk of the substituent groups and restricted
rotation caused by resonance. Generally, the average shape of the coiled molecules is
spherical. Larger sphere denotes greater affinity by the solvent for the polymer. In dilute
solution, strong polymer-polymer interactions are replaced by the weaker polymer-
solvent interactions (Li et al., 1990a). Mark-Houwink-Sakurada equation is used to

relate solution viscosity to molecular weight.

[n] = KMy (2.1)
where [n] is intrinsic viscosity, My is viscosity average molecular weight and « is a
constant that varies with polymer, solvent and temperature. All the values can be
obtained by graphical method of a plot of log [n] versus log M, or log M,. Log K and a

are the intercept and slope of the curve.

log[n] =logK + alogM,, (2.2)
Viscosity average molecular weight lies between M, and mass-average
molecular weight, M,,.. For most common polymers, values of a vary between 0.5 (for a
randomly coiled polymer in a theta solvent) and 0.8; for more rodlike extended-chain
polymers where the hydrodynamic volume is relatively large, a may be as high as 1.0,
in which case M, = M,,. Chain entanglement not usually a problem at such high dilution

unless molecular weights are extremely large (Li et al., 1990b).



The main problem with molecular weight determination is when one is dealing
with polymer other than commercial standard samples e.g. branching polymer instead of
linear chain of polystyrene. The absolute molecular weight average can be determined
via size exclusion chromatography coupled with differential refractive index, viscosity
and light scattering (low angle and right angle). Data obtained from triple-detector size
exclusion chromatography can be utilized to construct the universal calibration method.
In the universal calibration method, the product of ([#]M) is called the universal
calibration parameter. The basis of universal calibration is product of intrinsic viscosity
(limiting viscosity number) and molecular weight is independent of polymer type. An
approximately linear correlation of log ([#]M) against elution volume in solvent for

dissimilar group of polymers can be obtained as follows:

[MpsMps = [n].M, (2.3)

From the Mark-Houwink-Sakurada relationship,

[nl, = KpsMps*® (2.4)
], = KzMza (2.5)

Combining these equations and solving for log M>, we obtain

(2.6)

g, = (- Joa (567) +
08 "2 1+a, o8 K, * 1+a,

To measure M accurately, the column must be calibrated with the standard polystyrene

)108 Mps

(PS) fractions with same solvent and temperature. From semi-logarithmic calibration
plot of molecular weight versus retention volume, a linear plot at broad range of
molecular weights can be observed except deviations from linearity at high and low
molecular weights. Table 2.1 shows K and a values for MCL-PHA (Plackett et al.,
2006a). This method is convenient to calculate accurate absolute molecular weight
average for polymer of interest M>. The benefit of this calculation is that the absolute

polymer molecular weight can be determined despite using a single detector. Despite



many available Mark-Houwink parameter in polymer handbook, it is necessary to select
narrow range of molecular weight dispersion (MWD) rather than exponential MWD
with M,,/M, = 2.0, because bigger MWD will lead to an overestimate of molecular

weight (Garcia-Alles & Gotor, 1998).

Table 2.1. Mark-Houwink calibration constants calculated from best fit of the data
obtained by triple detector analysis of MCL-PHA samples in THF [(7)=K(MW)?]

A Log (K/dL g™ MW (kDa)P
PS 0.716 -3.943 100
Universal PHA 0.689 -3.78 96.2

® Calculated for PS equivalent MW of 10° Da. Data obtained from Plackett et al.
(2006a)

2.3  POLYMER IN CONCENTRATED SOLUTIONS

According to Lo et al. (2010), dilute solution is defined as a concentration where
the product of the intrinsic viscosity [#] multiplied by the concentration ¢ is less than
one, and the polymer molecule acts as an isolated chain. When the product [#]c falls
between 1 and 4 as the polymer concentration increases, polymer-polymer
intermolecular interactions influence the motion of the polymer. The moderately
concentrated region (the upper limit is [#]c = 4) would be expected to extend from the
point where hydrodynamic flow is close to lamellae to a point where the polymer
completely fills the solution, but does not lead to significant inter-penetration of the
volume occupied by a neighbouring polymer molecule (Figure 2.3). A characteristic
screening length, & denotes the juxtaposition of hydrodynamic interactions. At higher
concentrations, [#]c = 10, formation of pseudo-matrix-gel due to coil-coil inter-
penetration resulted from dynamic contacts is replaced by inter-coil contact. The higher

limit [#]c = 10 can be considered as being indicative of entanglement formation.



Figure 2.3. Polymer arrangement followed the Frisch and Simha regions of polymer-
polymer interaction which [1] represent intrinsic viscosity in dL g'!; ¢ represent the
concentration of polymer in g dL"!; dotted circles represent the effective volume
occupancy of a polymer coil; § is the screening length; dashed lines represent the
surrounding polymer matrix; e represent a point of entanglement. This diagram was
reproduced from Yang et al. (2002).

In high molecular weight polymers, interactions between elements within the
same chain lead to the so-called “excluded-volume” effects (Barber & Click, 1992). To
explain the consequence of this effect, we can use adsorption of free polymer molecules
on the colloid surfaces proposed by Bose et al. (2004) as a model for immobilized
enzyme attack towards polymer chain. To illustrate this proposition, a schematic
representation using colloidal particle of radius R and radius of gyration, R¢ in a dilute
polymer solution as shown in Figure 2.4 (a) is utilized. The colloidal particles have a
spherical exclusion surface of radius (R+R¢) for the polymer molecules, and the centers
of the non-adsorbing polymer molecules cannot enter this surface. R is refer to an
average measure of the size of the macromolecule. Static light scattering (SLS) can be

used to measure Rg. The term R is also the radius of gyration but it is a measure of the



hydrodynamic size of a polymer as it drifts through a fluid. The one of the instruments

that can measure R is dynamic light scattering (DLS).

The exclusion surfaces overlap occur when the distances between the surfaces of
the particles is less than the radius of gyration of the polymer. The polymer is excluded
from the region between the particles. As a result, there is no osmotic pressure due to
the polymer on the surfaces from which the polymer is excluded. Nevertheless, there is
an osmotic pressure on the outer surfaces where the polymers surround the particles.
Hence, there is a force of attraction which is proportional to the osmotic pressure times
the cross-sectional area S of the region from which the polymers are excluded. The
potential is the calculated by integration of the force variable with respect to distance

(Bose et al., 2004).

The representation can be made more general using smaller spherical particles in
place of the polymer molecules as shown in Figure 2.4 (b). If the distance between the
surfaces of the larger particles is smaller than the diameter of the smaller particle, the
smaller particles are excluded from the region between the larger particles, and there is
no osmotic pressure due to the presence of smaller particles in the region between the
larger particles. Yet, there is still an osmotic pressure on the outer surfaces due to
smaller particles, and this causes an attractive force if the pressure and the area of cross-
section of the region from which the smaller particles are excluded. Since the pressure is
not a constant, a slightly more complicated integration function of the force variable
with respect to distance is expected. Finally, it should be noted that the present
configuration is two-dimensional, so that the equivalent of the surface area S for

colloidal particles is just a line segment (denoted by /) in two dimensions.

10



Figure 2.4. The excluded-volume attraction in colloidal particles (a) and between
particles in a two-dimensional granular medium (b). (a) shows the overlap surfaces
between exclusion surface with radius R+R¢ around a colloidal particle of radius R, and
the cross-sectional area S of the excluded volume. The attractive force between the
particles is the osmotic pressure due to the polymer times the surface area S. In (b), the
region of width / is excluded to small particles, where b = 0}, + 0, — a and h =

\/ (op + 05)? + a? and g3, and g are the diameters of the large and the small particles,
respectively (Bose et al., 2004).

The combined theories by Gopferich (1996) and Bose et al. (2004) can be
applied to guide our understanding on the behavior of Novozyme 435-mediated scission
of PCL in toluene particularly on the observation that the enzyme degrades PCL via end
chain scission only after higher molecular weight of PCL (M, = 93 000 g mol™') was
used as substrate (Desai et al., 2004). This is despite reported random chain scission by
other researchers when different initial molecular weights of PCL were used e.g. M, =
60 000 g mol™! by Tamada and Langer (1993) and M, = 40 000 g mol™ by Ansari and
Amirul (2013) in the same solvent under similar conditions. The observed behavior is
attributed to the inter-chain interaction between pairs of high molecular weight coils. As
shown in equation (2.7) obtained from Halling (1984), there is a correlation between

molecular weight, intrinsic viscosity and hydrodynamic radius (Rn) of polymer. In
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addition, inverse intrinsic viscosity provides information regarding molecular density of
polymer. When high molecular weight chains (M, = 93 000 g mol') is used as
degradation substrate, the intrinsic viscosity subsequently increase therefore the
polymer become less tightly coiled, leading to the increment of Ry. Bigger R, makes the
polymer coil to inter-penetrate with particle nearby it creating an excluded-volume. The
presence of excluded volume prevents the enzyme from accessing the polymer
backbone. Thus, only the exposed chain-ends are susceptible towards enzyme attack.
However, Kondo et al. (2002) obtained random chain scission at higher initial
molecular weight PCL (M, = 110 000 g mol') when the experiment was conducted
under 18 MPa pressure in supercritical carbon dioxide. Additional pressure applied and
different solvent used could have caused changes in the PCL conformation. The
microstructural changes are attributed as the primary reason more ester bond in the

polymer chain to be exposed for random enzymatic scission.

M = S R} D

24  ADVANTAGES OF ENZYME CATALYSIS

Enzymes have been used extensively in molecular biology (Stevens, 2009),
biochemical studies (Santaniello ef al., 1993), and biotransformation. Biotransformation
includes chemical reactions catalyzed by cells, organs or enzymes. The unique
properties of biocatalysts are their stereo- and regiospecificity, and their ability to
undergo reactions at mild pH and temperature (Yadav & Devi, 2004). Enzymes exhibit
enantioselectivity reacting with only one isomer, and regioselectivity preferentially
reacting with only one site on a molecule despite multiple sites of potential reactions

(Alexander, 2001).
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Kawata and Ogino (2009) have discovered that lipases can act as catalysts in a
number of nearly anhydrous organic solvents. This discovery brought new perspective
in this field and surpasses the limit of traditional enzymes reaction, which restricts the
catalytic activity only in aqueous solution. The breakthrough widens the applications of
enzyme catalysis especially in polymer synthesis since most of polymer are
hydrophobic in nature and only dissolve in organic solvents. New directions of
synthesis are emerging with respect to condensation (Kamal et al., 2013), ring-opening

(Alexander, 2001) and controlled free radical polymerization (Gumel et al., 2011).

Furthermore, there are several advantages compared to chemical preparative
routes. Enzymes, derived from renewable resources have 1) promising substrate
conversion efficiency due to high selectivity for a given organic transformation; 2) high
enantio- and regioselectivity; 3) catalyst recyclability; 4) can be used in bulk reaction
media avoiding organic solvents and; 5) represents an important option in meeting
environmental regulation (Kula, 2008; Zaks & Klibanov, 1985). Their extended uses in
organic or aqueous systems or the solventless system and specificity of the reaction
have made them particularly attractive to replace toxic heavy metal in polymer synthesis
(Alexander, 2001). Enzymatic catalysis in polymer science has thrived in recent years
and has been discussed reviewed in recent literature (Matsumura, 2006; Wang et al.,

2007).

Previously, wider application of lipase has been limited because of this enzyme
was thought to work effectively only in high water contents and would rapidly lose its
activity in organic solvents (Kamal et al., 2013). Later, the enzyme was found to remain
active in organic solvents, and this generated huge interest among researchers and
industries since most of the industrial substrates are hydrophobic. Furthermore, the
solvent helps prolonged enzyme activity by replacing the molecules of water in the

enzyme with solvent and this simultaneously enable the reactions impossible in water
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such as esterification to be carried out (Garcia-Alles & Gotor, 1998; Wang et al., 2007).
Usually, reaction in water pose difficulties in the separation of enzyme and product(s)
but in an organic solvent medium, enzyme is insoluble and this facilitates product

recovery (Segel, 1976).

2.5 PROPERTIES OF LIPASE AND ITS HYDROLYSIS MECHANISM
Lipases are classified as triacylglycerol acylhydrolases (EC 3.1.1.3). Lipases are
stereospecific towards ester bond and simultaneously, undesirable by-products is
eliminated (Gupta et al., 2002). Lipase has been extensively use as biocatalyst in
industries because its higher stability at high temperatures, able to tolerate wide range of
pH and immobilized lipases can be repeatedly use e.g. Novozyme 435 (CALB) (Wood
et al., 1965). Lipase also one of the most versatile enzymes because they can catalyze
many different reactions such as esterification, inter-esterification, hydrolysis,
alcoholysis, peroxidations, aminolysis, and epoxidations (Wood et al., 1965). According
to Annuar et al. (2008), selectivity is related to chemo-selectivity i.e. the the favoured
reaction of a substrate with one of two or more different functional groups;
regioselectivity i.e. the position in the substrate molecules of the ester bonds hydrolysed
or formed, and stereoselectivity i.e production of single enantiomers instead of racemic
mixtures (Reed et al., 2009). On the other hand, specificity (kca/Km) can be defined as

the ratio of catalytic constant (kcat) and Michaelis constant (Km) (Wood ef al., 1965).

Candida antarctica lipase B (CALB) is made up of 317 amino acid residues
having a formula weight of 33,273. The active centre has a catalytic triad, serine
(Ser105), histidine (His224), aspartic acid (Asp187) with a large hydrophobic pocket
above the Ser-His-Asp triad and a medium-sized pocket below it. During the catalysis,
the acyl moiety of the substrate lies in the large subsite, while the leaving

group/nucleophile moiety lies in the medium-sized pocket (Kobayashi, 2010).
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Engelberg and Kohn (1991) reported that in Novozyme 435 where crude CALB (SP
525) is immobilized on a macroporous acrylic resin, the lipase protein content

constituted 2 % (w/w) of the solid powder (40 % of the total protein content).

Kaufman (1990) proposed a charge-relay system to explain the mechanism of
catalytic triad Asp-His-Ser as in Figure 2.5. Annuar et al. (2008) stated that hydrolysis
of lipid consists of two steps. The reaction begins with the formation of hydrogen bond
between the aspartic acid group (4sp) with histidine (His), increasing the pK, and then
acting as a powerful general base. The proton transfer on either one of two nitrogen
atoms in the His ring allows serine to transfer proton to the catalytic triad to form an
oxyanion ion. This reactive nucleophile is capable of attacking the susceptible ester
bond to form a tetrahedral intermediate carrying a negative charge on the carbonyl
oxygen atom of the scissile bond. Phenylalanine (Phe) and leucine (Leu) residues help
to stabilize the charge in the oxyanion hole. Next, His moiety donates a proton to the
ester oxygen of the bond that is cleaved and forms intermediate with the fatty acid from
the substrate esterified to serine (Ser). Simultaneously, the carbonyl group reforms with
the glycerol backbone segment acting as the leaving group. The second step of the
reaction is deacylation of the enzyme through a water molecule that cleaves the acyl-
enzyme intermediate. In this case, a proton from water molecule is transfer to the active
site serine producing a reactive hydroxide ion that attacks the carbonyl carbon atom in
the substrate-enzyme covalent intermediate. The second negatively charged tetrahedral
intermediate is stabilized via hydrogen bonds to oxyanion hole. Finally, His transfers a

proton to the oxygen atom of Ser and the acyl component is released.
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Figure 2.5. Mechanism of horse pancreatic lipase in hydrolyzing triacyglycerol (Annuar
et al., 2008; Gomez-Bombarelli et al., 2013a)

2.6 DEGRADATION OF PCL

Degrading the long PCL chain into moderate length makes the blending process
among polymers more amenable to control variables. Degradation is defined as scission
of main-chain bonds producing shorter oligomers, monomers and/or other low
molecular weight degradation products (Gopferich, 1996). One of the methods to
modify the features of PCL is by erosion. ‘Erosion’ is the loss of materials i.e. monomer
and oligomer groups leaving the polymer (Tamada & Langer, 1993). Surface
modification or surface erosion of PCL can be employed by hydrolyzing the PCL in
water to create highly porous film with a large surface to volume ratio that makes them
suitable for tissue engineering applications (Ansari & Amirul, 2013). It is well known
that lipase will attack at the amorphous region followed by crystalline regions. It is also
conceivable that at the beginning of degradation, water molecules penetrate mostly at
amorphous regions in the polyester film and act as nucleophile in the hydrolysis of ester

bond (Gumel et al., 2012). However, degradation at the crystalline regions may vary
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from degradation at the amorphous regions because highly ordered polymer chains

hinder the water penetration.

In order to understand the degradation at the crystalline regions, Iwata and Doi
(2002) studied degradation of single crystal PCL as a model of the lamellar crystal
region in solvent-cast and melt-crystallized films using Novozyme 435. The researchers
proposed that a single crystal consists of three chain-packing states, which begin with
tight chain-packing aligning perpendicular to the lamellar base, followed by tight chain-
packing region with molecular chains inclining from the lamellar base and lastly loose
chain-packing region. This arrangement indicates that a single crystal was made up
from nano-order micro-crystals. The structural hierarchy was proposed following
observation that enzyme-catalyzed degradation progresses from loosely chain-packing

perpendicular to lamellar growth faces.

On the contrary, acid catalyzed degradation of PCL via random chain scission
was observed by Kobayashi et al. (2000). They found that at 24 hours of reaction,
intermediate molecular weight PCL is formed before gradually being reduced to
oligomers at 72 hours. However, in organic solvent the chain scission is quite specific
as reported by Matsumura et al. (2000) and Kobayashi ef al. (2000). No formation of
intermediate molecular weight was observed other than cyclic dimer and oligomers.
Kondo et al. (2002) proposed that cyclic dimer was formed due to back-biting
mechanism. Therefore, an understanding of the mechanism involved in the enzymatic
degradation processes would allow us to exert some control on the production of PCL

oligomers.
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2.7  WATER ACTIVITY (aw)

Thermodynamic equilibrium in reaction catalyzed by hydrolase can be shifted in
the opposite direction by changing the water content in the reaction medium. High
amount of water in reaction medium results in hydrolysis reaction while low
concentration of water favor a synthesis reaction (Lo et al., 2010). To study the water
effects in organic media, the amount of water present in the reaction mixture is
preferably expressed in terms of its thermodynamic activity (a,) instead water content
or water concentration. Thermodynamic water activity describes the distribution of

water between the various phases that can compete in binding water (Halling, 1994).

According Engelberg and Kohn (1991), the highest hydrolytic activity rates for
Novozyme 435 were obtained at higher aw (aw = 0.84) in toluene and carbon
tetrachloride while highest transesterification activity were observed at lowest a, (aw <
0.1). However, total activity of lipase was decreased when a,, was increased in polar
solvent (1,4-dioxane). This could be explained by enzyme denaturation due to
cooperative effect between water and the polar solvent (Yang et al., 2002). In enzyme
recycling, the activity decreased to 40 % of the initial value at second reaction cycle and
remained constant for the third- and fourth cycles. This behavior can be ascribed to
either partial enzyme denaturation or dissociation of the immobilized enzyme complex.
Interestingly, enzyme activity was partially recovered up to 60 % after dissolution in
buffer and lyophilizing it again, suggesting that this process helps to restore at least in

part of enzyme’s active conformation (Secundo et al., 2001)

2.8 ACTIVATION ENERGY (Ea)
The effects of temperature and activation energy on the rate of enzyme-

catalyzed reaction is described by the Arrhenius equation
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. E, (2.8)
Ink' = RT+lnA

where E. is the activation energy, 4 is the frequency factor, R is the universal gas

constant (8.3145 J mol! K'"), and T is the absolute temperature (K).

In the chemical reaction, rate increases with temperature. This applies equally
for enzyme-catalyzed reactions. While the initial rate of reaction increases with
temperature change, the rate of reaction decreases as soon as the enzyme is thermally
affected and its three dimensional conformation is altered leading to loss of enzymatic

activity and possibly enzyme denaturation (Halling, 2000).

In enzyme catalyzed reactions, the values for £, mostly range from 25 to 92 kJ
mol™!, while that of enzyme denaturation falls between 209 to 628 kJ mol! (Dixon &
Webb, 1979). E. for polymerization of PCL was calculated using published data of
Kumar and Gross (2000) at 81 kJ mol!. These results were in agreement with the theory
that the formation of ester bond requires higher energy input compared to its breakage.
However, higher E, at 200 kJ mol™! was calculated for PCL solid film degradation
(Marten et al., 2003). Degradation of solid film by lipase is a slow process and involves
complex processes starting with water molecules penetrating the amorphous region
within the film, which subsequently triggers the enzyme-catalyzed hydrolysis of the

ester bond and liberation of products into the medium (Wang et al., 2004).
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CHAPTER 3

MATERIALS AND METHODS

3.1 MATERIALS

Poly-e-caprolactone (PCL) with average number molecular weight (M,) 10,000
(Sigma-Aldrich; 704105), Candida antarctica lipase B (CALB) immobilized on acrylic
resin beads (Sigma-Aldrich; L4777), toluene (Merck; 108325), 6-hydroxyhexanoic acid
(Alfa Aesar; 808255), e-caprolactone (Merck; 802801), tetrahydrofuran (Merck;

109731), were used in the study. All reagents were of analytical grade.

3.2 METHODS
3.2.1 Enzymatic degradation

PCL in the form of crystal flakes with 62.8 % degree of crystallinity (0.1 g) was
dissolved in 10.0 ml of toluene, and to this solution, 100 mg of immobilized lipase B
(Sigma-Aldrich; 0.01 = 1 % U mg™') with average size of 422 + 176 um and average
weight of 68 + 22 ug was added into vials, with the opening crimped to provide airtight
seal. The reaction was then allowed to progress for a total period 36 hours at 50 °C, 200
rpm (LabTech, Korea). In order to terminate the reaction, 3.0 ml of isopropanol was
added. Then, the immobilized enzyme was filtered, and the reaction medium was dried.

All reactions were performed in triplicate.

3.2.2 Product identification
The products liberated were re-dissolved in dichloromethane before injection
into gas chromatography-mass spectrometry (GCMS) machine viz. Shimadzu GC

(model 2010) coupled to Shimadzu QP 2010 Ultra MS operated in electron impact
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ionization mode (70 eV) with Restek RTX-5 column (30 m long % 0.25 mm internal
diameter % 0.25 um film thickness). 1 pl of sample were injected into the GCMS using
splitless mode. The inlet temperature was 200 ‘C. The column oven temperature profile
was pre-set as follows: 90 °C for 0 min then ramped up to 280 °C at a rate of 5 °C min!
and held for 10 min. Helium was used as carrier gas at a flow rate of 1.5 ml min™'. For
product identification, ions detected in the form of relative abundance spectra as a
function of the mass-to-charge ratio (m/z) obtained from GCMSsolution software were
correlated with known masses provided in the databases or their fragmentation patterns

(Figure SS1 and SS2).

3.2.3 Water activity (aw) measurement
Initial water activity (aw) of air and toluene was recorded using Rotronic

hygropalm water activity meter (HP23-AW; www.rotronic.co.uk). 10 pl of toluene was

placed on the glass slide inside a sample holder. Then, a sealed container was formed by
placing the probe on top of the sample holder. AwQuick mode was used to calculate the
water activity and the measurement was taken after the temperature conditions were

stable (both at the product and probe), usually 5 to 6 minutes after loading the sample.

3.2.4 Gel Permeation Chromatography

GPC analysis was carried out on Agilent LC 1220 (Agilent, USA) instrument
equipped with a refractive index detector (Model 1260). The machine was equipped
with Mixed-D gel column (7.8 mm internal diameter x 300 mm) connected to MiniMix-
D gel column (5 mm internal diameter x 25 mm). The GPC measurements were used to
characterize the average weight molecular weight (M,), number average molecular
weight (M,), and the polydispersity index (PDI) of polymer fragments hydrolyzed by

lipase action. Monodisperse polystyrene standards of different molecular weights (162,
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380, 1020, 1320, 2930, 6770, 13030, 29150, 51150, 113300, 215000, and 483400 g
mol™!) (EasiVials, Agilent) were used to generate the calibration curve. The initial M,
and PDI for PCL obtained from the calibration curve was 17340 g mol! and 1.55,
respectively. The polymer samples were dissolved in tetrahydrofuran (THF) at a
concentration of 1.0 mg ml’!, filtered through 0.22 pm PTFE filter and subsequently
injected (100 pl) at 35 °C. THF at a flow rate of 0.5 ml min' was used as the mobile

phase. The PDI was calculated as follows:

_ My 3.1)
PDI =

n

where the designated molecular weights were determined from calibration using linear

polystyrene standards.

For this study, it is preferable to convert the determined M, based on polystyrene
standards to the corresponding value for PCL itself. This was firstly done for the M, of
neat PCL stock, where its initial molecular weight was calculated, following GPC
analysis, using the conversion equation shown below (Chung et al., 2012; Hoskins &

Grayson, 2009):

M, (PCL) = 0.259 x M, (PS)1973 (3.2)
The initial M, for neat PCL was determined at 9157 g mol’!, which closely

agreed with the information stated by the supplier at ~ 10 000 g mol™'.

Intrinsic viscosities of PCL, [n] in organic solvents were determined using
Mark-Houwink-Sakurada (MHS) relation with My, obtained via GPC-MALLS system
(Malvern, UK). The system was equipped with a Viscotek GPCmax solvent/sample
module, a Viscotek GPC column oven, a Viscotek TDA 305 triple array detector. Initial
polymer samples were dissolved in THF to obtain a concentration of 5 mg mL™.

Chromatography was performed at 30 °C, using a 300 x 7.8 mm TSK-Gel GMH HR-H
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(TOSOH) column. Polystyrene was used as the calibration standard using THF as
mobile phase at 1 mL min™ flow rate. M,, value obtained was 9117 g mol™! and [g] in

different organic solvents was obtained using MHS relations as shown below:-

PCL in Tetrahydrofuran at 30 °C, [g] = 4.385 x 10™* M2692 (3.3)
PCL in Benzene at 30 °C, [g] = 1.96 x 10~* M276 (Mochizuki et al., 1995) (3.4)
PCL in chloroform at 30 °C, [n] = 1.298 x 10~* M23828 (Sun et al., 2006) (3.5)

In general, intrinsic viscosities of PCL at My = 9117 g mol’! in organic solvents

spanned the range of 0.2003 < [n] < 0.2466.

3.2.5 Thermogravimetric analysis (TGA)

TGA analysis was conducted to measure the decomposition temperature of
degradation products. The analysis was carried out on a Perkin Elmer STA 6000 (Perkin
Elmer) machine. 8 to 10 mg of the sample was loaded onto the ceramic crucible pan,
which was pre-flamed. The sample was heated from 30°C to 800 °C under a nitrogen
flow rate of 20 ml min™!' at a constant heating rate of 10 °C min™'. Weight loss detected

below 150 °C was neglected due to moisture content present in the sample.

3.2.6 Differential Scanning Calorimetry (DSC)

The Perkin Elmer DSC 8000 machine from Perkin Elmer was used to analyze
thermal transitions of the samples. Initially, the sample was loaded onto an aluminum
pan and cooled down to -60 °C to allow for completion of the crystallization. Then, the
sample was heated to 300 °C at a constant rate of 10 °C min™! to determine the melting
curve. In order to confirm the composition of the second peak, the polymer sample was

heated in nitrogen atmosphere from -60 to 300 °C, then cooled before reheating it again
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for the second time. The relative crystallinity of the polymer was calculated according

to the following equation:

AH 3.6
DG = —2% x 100 3.6
AH]

where DG is the degree of crystallinity, AHs is the heat fusion of the polymer, and AH{’

is the heat of fusion for 100 % crystalline PCL i.e. 142 J g! (Elzein et al., 2004).

3.2.7 Scission models proposed by Joshi and Madras (2008)

There are two types of scission models of PCL studied by Joshi and Madras
(2008) viz. random chain scission and chain end scission. A polymer can be expressed
as a molecule having molecular weight x as a continuous variable, while P(x)
represents a polymer population molecular weight. In order to study CALB scission
mechanism towards PCL, M, of PCL was measured every 3 hours during reaction
period and applied in equations (4.4) and (5.4). Model with good fit was selected based

on the correlation coefficient R? and adjusted R’ values close to 1.

3.2.7.1 Random chain scission

P 9 p(x) + P(x — x') (3.7)

where K;(x) represents the overall degradation rate coefficient. The time dependent
molecular weight distribution of polymer P(x) is represented as p(x,t). The

population balance equation for degradation can be written as follows:

[ (3.8)
apg;, t) — _Kd(x) . p(x, t) + 2] Kd(xl) . p(xl’ t) . Q(x,x’)dx'

X
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The stoichiometric kernel Q(x, x") in Eq. (3.8) determines the distribution of scission
products. For random chain scission, the distribution of degraded products, Q(x, x")
is 1/x'. Assuming a linear dependence of K; on x, K;(x) = kg - x, the above
equation reduces to

op(x, t) (3.9)

Jt

= —ky-x-p(xt)— 2] kg plx', t)dx'
X

Applying the moment operation, pU’(t) = fxoo p(x,t) - x/dx to Eq. (3.9) yields

dpP i—1 . (4.0)
P~ _ _]_] kg - pUtD(D)
dt j+1

Jj =0, 1 and 2 corresponds to the zeroth, first and second moments, respectively.

dp© 4.1)
- kg - p@D(8)

dp© 4.2)
dt 0

p©@ and p™ represent the molar concentration and mass concentration of the
polymer, respectively. According to the first moment (Eq. 4.2), the mass

concentration of the polymer is constant throughout the reaction. Solving eq. (4.1)
with initial condition p™® = p(()l)(t =0)
By defining the number average molecular weight M,,, as p* /p(®, Eq. (4.3) can be

rearranged as

Mo
(F22) = 1= Moot

n

(4.4)

Eq. (4.4) showed that variation of (%) — 1 with time is linear with the slope of

n

kd : MnO
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3.2.7.2 Chain end scission
The fragmentation reaction, which yields a molecule of specific molecular
weight of products, can be written in continuous distribution model approach as

follows:

PG B 0(x) + Plx — x) .5)

where kg(x) represents the degradation rate coefficient. The instantaneous
concentration of species P and Q is p(x,t) and q(x,t) respectively. The population

balance equations are

( (4.6)
p(x,t) _ —k, (e, t) + ka D) 8(x(x — x.))dx’
at
aqgaz, t) = —ks-p(x',t) - 6(xg, x")dx’' 4.7

For chain end scission, we assume k; to be independent of x. Applying moments on Eq.

(4.6).
dp@(t . : . (4.8)
PO k04 kzj (=x)" - pI(®

The zeroth and first moments are obtained by substituting j = 0 and 1, respectively, in

Eq. (4.8).

dp©® 0 4.9)
at

dp® (5.0)

dt = —kg - x5 - p(o)(t)

Eq. (4.9) suggests that molar concentration remains constant during chain end scission.

0
PO =py” (5.1
Solving eq. (20) with the initial condition that at t = 0, p™ = p(()l)
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By defining the number average molecular weight, M,, as pV/p©@. Eq. (22) can be
rearranged as

M, = Myo—kg x5t (5.3)
Eq. (23) shows that variation of M,, versus t is linear with slope k; - x;. Here x; is taken
as molecular weight of monomer, 114 g/mol, determined by GC-MS as described
earlier. The evolution of the monomer is following specific chain-end scission from

hydroxyl end of the chain (Joshi & Madras, 2008).

3.2.8 Calculation of degree of crystallinity
To obtain a correlation between degree of crystallinity for PCL and enzymatic
hydrolysis as a function of time, the following exponential decay model has been

proposed and transformed from Mook Choi et al. (2003).

DG(t) t (5.4)
DG(0) P <_0_5>

where DG(7) and DG(0) are the percentage crystallinity of PCL at times ¢ and ¢ = 0,

respectively. g is an adjustable parameter and 1/0; is the rate of degradation.

3.2.9 Calculation of activation energy, Ea
Activation energy was calculated using linearized Arrhenius relationship as

mentioned previously (Eq. 2.8):

,_ _Ea (2.8)
Ink’ = RT+lnA

where FE, is the activation energy, 4 is the frequency factor, R is the universal gas
constant (8.3145 J mol! K), and T is the absolute temperature (K). In order to
calculate rate constant, k', the initial rate of dicaprolactone (DCL) production was

plotted against different PCL concentrations for each tested temperature (30 to 50 °C).
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The k' value was obtained from the slope of the linear plot. Subsequently, graph In k’
versus 1/T was constructed, and activation energy of degradation was calculated by

multiplying the slope of the plot with universal gas constant, R.
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CHAPTER 4

RESULTS AND DISCUSSION

41  MOLECULAR WEIGHT DETERMINATION

Prior to the study of the mechanism of lipase-catalyzed hydrolysis of PCL in
toluene, molecular weight changes of PCL after hydrolysis need to be measured.
Reduction in initial molecular weight of PCL indicated that lipase was actively
hydrolyzing the PCL chains in toluene. No hydrolysis of PCL was observed in toulene
without the addition of lipase. The molecular weight profile for the degradation of PCL
by lipase B from Candida antarctica (CALB) is shown in Figure 4.1. PCL in toluene
without the addition of CALB (control) showed a single peak (4) indicating that PCL is
neither self-hydrolyzed in toluene nor the solvent itself could catalyze the hydrolysis of
PCL. When lipase was included in the reaction mixture, the peak area of PCL was
observed to be decreasing with time, showing that lipase successfully hydrolyzed the
PCL in toluene. The subsequent peak (B) was detected at almost identical retention
time, after three hours reaction, corresponding to the remaining high molecular weight
chain of bulk PCL following lipase degradation (Figure 4.1). In the same chromatogram
(B), smaller molecular weight fragments or oligomers arising from PCL hydrolysis were
eluted at later times. Within three hours of hydrolysis, the bulk polymer M, declined
significantly alongside the liberation of fragments with smaller molecular weights. The
refractive index of peaks eluted at later times (C, D and E), corresponding to these
fragments, increased with reaction time indicating that the concentration of fragments

from hydrolysis reaction also increased (Figure 4.1).
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Figure 4.1. GPC chromatogram of molecular weight distribution for lipase-mediated hydrolysis of PCL in toluene at 50 °C.



After 24 hours of reaction, molecular weight analysis based on polystyrene
standards showed the presence of three major fractions viz. My : 293 g mol™!, M, : 434 g
mol™! and M, : 843 g mol™! while the initial bulk PCL peak (4) had disappeared showing
that PCL was almost entirely hydrolyzed by lipase. The Mys were converted using
equation (3.2) to obtain the corresponding M,s for fragments from PCL hydrolysis i.e.

114 g mol’!, 175 g mol™! and 353 g mol™! respectively.

From GCMS analysis, the degradation products were identified as cyclic dimer
(M" * m/z 229.05) for peak E, cyclic trimer (M" : m/z 344.15) for peak D, and cyclic
tetramer (M" : m/z 457.25) for peak C. Kobayashi et al. (2000), Ebata et al. (2000) and
Kondo et al. (2002) identified the presence of cyclic oligomers when using immobilized
Candida antarctica lipase (CAL) for PCL hydrolysis in toluene and supercritical carbon
dioxide. The high abundance of mass-to-charge (m/z) ratios of 69, 97, and 115 ions
corresponding to each C, D and E peaks indicated cyclic lactone formation in this study.
The parent ions for each of the generated lactones from PCL hydrolysis were shown in

Table 4.1.

Table 4.1. Relative abundance of mass-to-charge ratio of parent ions after
electron impact ionization (EI).

Relative abundance (%)

Mass-to-charge ratio (m/z)

Dimer  Trimer Tetramer Caprolactone
55.10 100.0 81.1 55.8 26.6
69.05 68.1 56.1 33.8 1.9
96.05 42.8 28.1 11.8 0.0
97.05 91.8 74.5 32.8 0.3
114.10 39.7 24.2 9.3 9.8
115.10 100.0 100.0 100.0 0.8
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It was hypothesized that the formation of dimeric, trimeric and tetrameric
fragments proceeded through first tetrahedral intermediate within the active site of
lipase (Figure 4.2). This generated an acyl-enzyme intermediate. In the presence of
abundant water molecules, they can act as nucleophile to attack acyl-enzyme
intermediate resulting in linear degradation fragments. Kondo ef al. (2002) reported that
when water concentration was increased, yield of dicaprolactone (DCL) decreased
concomitantly with higher yield of linear 6-hydroxyhexanoate oligomers. Kobayashi et
al. (2000) also investigated the lipase-catalyzed polymerization of lactones in water
saturated isopropyl ether (water content of ca. 0.2 %), and they also found that the

products were mainly linear oligomers.

However, in the isolated environment with low water content such as applied in
this study (initial aw for toulene and air in equilibrium = 0.81 + 0.01), we proposed that
ring-closing reaction through nucleophilic attack by terminal hydroxyl from hydrolyzed
product itself acting as a nucleophile predominates. When mediated by lipase, it forms
second tetrahedral intermediate complex and subsequently released as cyclic lactone

(Figure 4.2).
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Figure 4.2. Proposed mechanism of lipase-catalyzed scission of poly-e-caprolactone and the subsequent formation of cyclic dimer
(dicaprolactone) in toluene. The steps are equally applicable for the formation of cyclic trimer and tetramer as found in this study.



This could explain the undetected linear equivalents of the cyclic dimer, trimer
and tetramer fragments (Figure 4.3). Cyclic fragments longer than tetramer were not
detected since it was expected that the cyclization of longer fragments would be more
difficult to accomplish. In hindsight, both earlier findings by Kobayashi et al. (2000)
and Kondo et al. (2002) indirectly supported the proposal that CALB was responsible
for the formation of cyclic lactone in low water content environment. Our proposed
route to cyclic lactone mediated by lipase action also provide possible explanation to the

back-biting mechanism as proposed by Kondo et al. (2000).

At 24 hours of reaction, PCL peak diminished completely and evident presence
of low molecular weight fragments of identities discussed earlier (Figure 4.1 -
chromatogram C). Interestingly, as hydrolysis reaction was allowed to proceed to 36
hours, formation of peak F with indicated intermediate M, in between the Mys of
hydrolyzed products and neat PCL (Figure 4.1). It has been reported by Gumel et al.
(2012) that low water content and water activity of toluene resulted in the
polymerization of caprolactone by lipase. During the late reaction phase, it was
hypothesized that water content/activity had reduced sufficiently low to allow lipase to
re-polymerize low molecular weight fragments and produced intermediate polymer with
molecular weight of 1.4 x 10> g mol™!. The re-polymerization was further encouraged by
the low molecular weight fragments acting as nucleophile. The steep reduction in
intensities of peaks C, D and E, at 36 hours (chromatogram F), supported the re-

polymerization occurence attributed to lipase activity.
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Figure 4.3. GCMS chromatogram of PCL samples after 26 hours of reaction. MS data obtained from GCMSsolution software showed
mass-to-charge ratio of caprolactone (M"*m/z 114.14) , DCL (M m/z 229.05), cyclic trimer (M : m/z 344.15) and cylic tetramer (M" : m/z
457.25).



4.2  LIPASE SCISSION MECHANISM

The plots of M,, M,, and PDI versus reaction time were shown in Figure 4.4.
Both M, and M,, showed marked decrease with time particularly in the early part of the
hydrolysis. A sharp increase in the polydispersity index (PDI) in the first 4 hours was
attributed to the liberation of oligomers from PCL hydrolysis. Substantial loss of M, and
M,, from lipase attack at the polymer backbone was hypothesized, yielding DCL and
oligomers with M, less than 500. As the reaction proceeds, M, value reached a plateau
after 4 hours while M,, and PDI values gradually reduced indicating that lipase was still
degrading the polymer chain until relatively low My and narrow PDI was obtained

compared to the early phase of hydrolysis.

Figure 4.4. Degradation profiles of PCL for 26 hours reaction with 0.1 g of CALB at 50
°C. Unconverted M, values were used for this profile. Red and black dash lines indicate
theoretical curves for random and chain end scission models, respectively.
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However, PDI value did not approached closer to 1 despite prolonged reaction
time up to 26 hours. This showed that the oligomer populations produced from lipase
hydrolysis of PCL was made up of heterogeneous chain length fragments. This
occurrence was suggested to be due to random scission of PCL backbone, which

resulted in the mass distribution pattern shown (Figure 4.4).

When variable (M,0/M,)-1 versus time was plotted according to equation (4.4), a
linear relationship was obtained (Table 4.2) suggesting that hydrolysis of PCL using
lipase in toluene at 50 °C proceeded by random chain scission on the polymer backbone
during early phase of reaction. From the slope of the curve, the degradation rate

constant, k¢ was calculated to be 3.52 x 10* h'.

Even though the changes in M, and My, appeared to be almost constant after 9
hours of reaction (Figure 4.4), linear relationship was observed when variable M, versus
time (Table 4.2) was plotted according to equation (5.3). This indicated that hydrolysis
of PCL by lipase occurred via specific chain-end scission from 9 to 26 hours. PCL
fragmentation m/z ratio from GC-MS analysis showed the presence e-caprolactone at 26
hours of reaction (Figure 4.3), thus supporting the specific chain-end scission
hypothesis during the late phase of reaction, albeit its amount was significantly less than
dimer and oligomers. The degradation rate constant during the late phase of PCL
hydrolysis, ks was calculated at 0.013 h™!. The post-regression statistics for both models

were shown in Table 4.2.

It was clear that random and chain end-scission models (R*: 0.9837 and 0.9336)
showed good fits to the experimental data. Both models showed relatively small root-
mean-square deviation (RMSD) and variance, therefore, indicating that random and
chain end-scission models proposed by Joshi and Madras (2008) were able to explain

the degradation of PCL by CALB in toluene for early- and later phase of reaction,
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respectively. It has been reported that mechanism of lipase degradation towards PCL
occurs solely as random chain scission of the ester linkage (Kondo et al., 2002; Kweon

et al.,2003).

Table 4.2. Value of kinetic parameters of chain scission models.

Values of kinetic

Chain scission parameters Correlation R?
model (£ 95% confidence coefficient  adjusted RMSD  Variance
interval) (R?) (o)
ka k.

(mol g'h™) (hh
Random chain -

scission 3.52 x10* 0.9837 0.9837 0.3920 1.4051
(%) 1 (£1.25x%
M, 10)
= kqMpot
Chain end scission - 0.0132 0.9336 0.9204 0.9407 8.6724
My, = Myo — ksxst =
0.0016)

RMSD: root-mean-square-deviation

From the findings in this study, we presented evidence that lipase in the form of
CALB hydrolyzes PCL in toluene via random chain scission of polymer backbone in
the early phase of hydrolysis while at the later phase specific chain-end scission ensued.
The random chain scission was supported by the steep decline in M, and My, and sharp
increase in PDI during the early phase (0 to 4 hours). On the other hand, after 9 hours of
reactions, very little changes were observed for M, and My; while PDI remain constant
(~ 3) during the late phase of reaction (14 to 26 hours) indicating that random chain
scission was no longer the pre-dominant mechanism. Instead, the presence of monomer
g-caprolactone among hydrolysis products indicated that the specific chain-end scission
of polymer fragments also occurred. It is suggested that the likeliness of e-caprolactone
monomer being generated from the hydrolysis of cyclic oligomers (dimer, trimer,
tetramer) was small compared to chain-stretched PCL. For instance, hydrolysis of

mevalonolactones is non-spontaneous due to negative entropy changes (AS < 0) and
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higher overall free energy changes (AG) for hydrolysis at 3.82 kcal mol! in HCL/KCL
buffer (Kaufman, 1990). In addition, Gémez-Bombarelli et al. (2013b) reported that

medium-sized or large lactones do not hydrolyze in neutral medium.

43  TRANSFORMATION OF PCL INTO CYCLIC OLIGOMERS AND
THERMAL CHARACTERIZATION

Figure 4.5 showed thermogravimetric (TG) curves for degradation of PCL at
different reaction times. The shapes of PCL weight loss curves were altered at different
reaction times while the temperature for the maximum oxidation (7max) showed a slight
decrease as reaction time increased especially for tetracaprolactone fraction (Table 4.3).
The observation was attributed to irregular shape of tetracaprolactone fraction peak at

12 hours resulting in a deviation for Tmax calculation (Figure 4.5).

The weight loss pattern for pure PCL was a single-step decomposition process
and can be observed by the presence of a single derivative TG (DTG) peak at 408 °C in
Figure 4.6. However, this was not the case for the rest of samples from the reaction
mixture (¢ = 1, 3, 6, 9, 12 hours). It was clear that weight losses of the heated samples
occurred in several steps (Figure 4.6), indicating a mixture of masses with varying
thermal properties. The maximum oxidation temperatures obtained from DTG curves

were summarized in Table 4.3.
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Figure 4.5. Weight loss profile of PCL at various reaction times (=0, 1, 3, 6, 9 and 12
hours).

Figure 4.6. Derivative thermogram (DTG) of lipase-hydrolyzed PCL at different
reaction times
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Table 4.3. Maximum decomposition temperature of dicaprolactone, tricaprolactone,
tetracaprolactone and PCL

Tmax (°C)
Time (h) ]

DCL Tricaprolactone Tetracaprolactone PCL
0 n.d n.d. n.d. 408
1 208 n.d. 342 409
3 200 271 327 402
6 213 270 336 407
9 205 260 n.d. 402
12 198 265 300 396

n.d. : not detected

Four overlapping peaks can be observed from the DTG curves in Figure 4.6. The
peaks corresponding to dicaprolactone (200 - 212 °C), followed by tricaprolactone (260
- 270 °C), tetracaprolactone (300 - 342 °C) and lastly, PCL (396 - 408 °C). At 1 and 9
hours of reaction time, tricaprolactone and tetracaprolactone peaks were completely
overlapped due to both fragments having almost similar rate of decomposition,
therefore it was difficult to distinguish the exact maximum decomposition temperature
(Tmax). Both TG and GPC data corroborated the earlier suggestion that PCL was almost

entirely degraded by lipase into dicaprolactone, tricaprolactone and tetracaprolactone.

Figure 4.7 showed the profile of weight loss of PCL and accumulation of
dicaprolactone within 12 hours of degradation by CALB. Percentage weight losses of
PCL and dicaprolactone yield were obtained by integrating area under the curve of DTG
chromatograms. Both profiles showed rapid increase at the beginning of reaction before
reaching plateau after 6 hours. Maximum weight loss of PCL was observed at 92 % and
the highest dicaprolactone production was 67 %. Rate constant for dicaprolactone
production was calculated at 0.64 h™!, slower than rate constant for PCL hydrolysis at
0.77 h''. Thus, CALB catalysis required only about an hour to reduce more than half of

the total weight of PCL into dicaprolactone and oligomers. These results also translated
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into almost 75 % of degraded PCL were converted into dicaprolactone and the

remaining 25 % was hydrolyzed into a mixture of tricaprolactone and tetracaprolactone.

Figure 4.7. Changes in weight loss of PCL and weight gain by monomer during 12
hours of reaction as determined by thermogravimetric analysis (TGA).

Differential scanning calorimetry (DSC) was further used to characterize the
products of PCL hydrolysis by lipase. Thermogram of the PCL samples was shown in
Figure 4.8. The degraded polymer samples showed lower melting points (77,) and
enthalpy (J g!) than initial neat PCL as a function of reaction time (Table 4.4). Jenkins
and Harrison (2008) reported that the melting point of polymer is proportional to the

lamella thickness of the melting crystal.
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Figure 4.8. Profile of melting point for degraded PCL (7) from differential scanning
calorimetry at heating rate of 10 °C min™'.

Table 4.4. Melting point of PCL and enthalpy of heating for different reaction times

Time T, Enthalpy

(h) &9 Jgh
0 59.20 89.22
1 38.53 38.41
3 46.52 9.76
6 37.53 4.73
9 37.05 5.80
12 35.00 1.65

The occurrence of two peaks in Figure 4.9, one with low melting point at 50°C
corresponding to residual thin lamellae after hydrolysis, while the high melting
temperature peak at 103 °C starting from 3 hours of reaction time corresponded to
formation of highly crystallized structure among the hydrolyzed products. Sammon et
al. (2000) attributed this to the so-called ‘chemicrystallisation’ process where shorter

chain segments with enough mobility tend to realign and crystallize. As reaction
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progressed, continuous hydrolysis of PCL by CALB generated high concentration of
short chain fragments that realigned and continuously being loaded among themselves
to form thicker crystalline lamellar stacks than before the degradation process. During
the first heating, two peaks were observed at 35 °C and 102.93 °C, while after the
second heating process, only a single peak was observed at 49.99 °C. The loss of peak
at 102.93 °C was attributed to the decomposition of dicaprolactone (74 : 203 = 10 °C),
tricaprolactone (74 : 268 = 13 °C) and tetracaprolactone (321 £ 16 °C). The DSC data
pointed to the possibility of ‘chemicrystallization’ of small molecular weight fragments

from hydrolysis of PCL.

Figure 4.9. Thermogram of PCL after 12 hours of reaction. Reaction conditions: 0.01 g
PCL, 0.1 g CALB, 50 °C and 200 rpm.

The initial rapid descend in M, crystallinity and weight percentage of PCL can
be attributed to relatively high probability of available, active enzyme supplied in the

reaction mixture participating in successful hydrolyses of PCL backbone immediately at
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the start of reaction (Figure 4.10). However, after 2 hours and high concentration of
degradation fragments being generated, rate of reduction of M,, crystallinity and weight
percentage of PCL became near constant (Figure 4.10). This was in contrast to aqueous
degradation of PCL film where reduction in weight loss and increase in degree of
crystallinity was observed as initial degradation proceeds rapidly at the amorphous
region compared to the subsequent hydrolysis of the crystalline region (Jenkins &
Harrison, 2008). In addition, Iwata and Doi (2002) reported that degradation of the PCL
single crystal in phosphate buffer generated water soluble monomer and dimer of PCL
but then the molecular weight of the crystals remained relatively unchanged. This
indicated that partial degradation at the chain-folding surfaces was lacking (Iwata &

Doi, 2002).

The first 3 hours of reaction showed a fast decrease in degree of crystallinity
before reaching a plateau between 6 and 12 hours (Figure 4.10). The initial degree of
crystallinity of PCL in toluene was calculated at 62.8 % before massively decreased to
1.3 % at a rate constant of 0.87 h' within 12 hours of reactions. Reduction in
crystallinity was observed previously when PCL film was degraded in phosphate buffer

solution by lipase (Gan et al., 1997; Gan et al., 1999; Iwata & Doi, 2002).
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Figure 4.10. Profiles of M,, weight percentage of PCL (%), and degree of crystallinity
during 12 hours reaction.

The observation made was explained as the following: when the polymers were
dissolved in a solvent, the solvent molecules diffuse through the polymer matrix until
they reached the polymer core and stretched the polymer backbone to form a swollen,
solvated mass (Figure 4.11). Then, it broke up and the polymer chains started to
disperse into true solution (Huang, 1995; Stevens, 2009). Natural structure of polymer
chains in solution can be expressed based on a value obtained from Mark-Houwink-
Sakurada relation (MHS). For random coiled polymer in theta solvent, a value varies
between 0.5 and 0.8, and for more rodlike extended-chain polymer, a value may be as
high as 1.0 (Stevens, 2009). Since a value of PCL in organic solvent range between
0.69 - 0.82 (Egs. 3.3 — 3.5), PCL chains disperse as flexible random coiled. It is well
known that lipase preferred to cleave bond at the amorphous regions compared to

crystalline region due to the tight arrangement at the crystalline regions. Once the
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polymer dissolve in an organic solvent, both regions turns into flexible random coil
chain making the ester bond, neither in amorphous regions nor in crystalline regions,
prone to be cleaved by CALB as shown in Figure 4.11. Dispersion of the polymer
matrix allowed the CALB beads with average size of 422 + 176 pum to further penetrate
the PCL backbone and catalyzed scission. In contrast to PCL crystal degradation in
aqueous solution as reported by Iwata and Doi (2002), substantial reduction in the
degree of crystallinity alongside M. was observed for PCL following enzymatic

hydrolysis in solvent.

Figure 4.11. Schematic diagram of poly-e-caprolactone (PCL) molecule. (a) Semi-
crystalline structure (b) Solvated polymer molecules dispersed in toluene as flexible
random coil chain, a = 0.69 - 0.82 (¢) Immobilized CALB randomly attached to the
polymer chains. The red circles represent toluene molecules, and solid green circles

represent immobilized CALB (not to scale). In dilute solution, strong polymer-polymer
interactions are replaced by the weaker polymer-solvent interactions.

44  EFFECTS OF PCL CONCENTRATION AND TEMPERATURE ON
LIPASE HYDROLYSIS ACTIVITY

PCL concentration in toluene can be expected to be one of the critical factors
affecting efficiency of lipase hydrolysis. Figure 4.12 showed the relationship between
the initial rates of degradation as a function of PCL concentration and temperature for
PCL with M, of 10,000 and CALB of 100 mg in toluene. At low substrate
concentration, relatively high degradation rate was observed but as PCL concentrations
were incrementally increased from 10 to 100 g L', initial rates of PCL degradation were

decreased. According to Pethrick (1986), a dilute solution is defined as concentration
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where the product of the intrinsic viscosity [1] multiplied by the concentration c, is less
than one. In dilute solution, polymer molecules act primarily as isolated chains, thus

increasing the accessibility of the ester bond to CALB attack.

Figure 4.12. Initial rate of hydrolysis as a function of PCL concentration (mg ml™!) and
reaction temperature (°C).

From Table 4.5, [g]c was proportionately increased when the concentration of
PCL increased, and this was hypothesized to result in shrank excluded-volume, giving
rise to greater than before inter-molecular interactions between distant part of polymer
chains. This restricts access for CALB attacks on the polymer chains. Excluded-volume
effect transpired in dilute solution, where polymer chains are well separated, and the
segmental interactions are primarily intra-molecular interactions (Pethrick, 1986). As
observed in Figure 4.12, despite increasing the reaction temperature, the initial rate of

PCL degradation consistently decreased with its increase in concentration.
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Table 4.5. Type of PCL solutions at different concentration of solutes.

PCL [n] ¢

: Type of
concentration , ¢ .
(¢ L'l) Benzene Chloroform Tetrahydrofuran Average solution
10 0.2003 0.2466 0.2411 0.2293 Dilute
30 0.6009 0.7398 0.7233 0.6880 Dilute
50 1.0015 1.2330 1.2055 1.1467  Not dilute
80 1.6024 1.9728 1.9288 1.8347  Not dilute
100 2.0030 2.4660 2.4110 2.2933  Not dilute

[n]: intrinsic viscosity (dL g!); ¢ : concentration (g L)

45 APPARENT ACTIVATION ENERGY OF PCL HYDROLYSIS BY
LIPASE (Ea)

Based on the k£’ values calculated at different temperatures in table SS3, the
apparent activation energy for the enzymatic degradation of PCL was estimated using
Arrhenius plot. E, was measured from the slope of the graph ca. 45 kJ mol™!, which was
consistent with FE, estimated by Dixon and Webb (1979) for enzyme-catalyzed
reactions. Using published data of Kumar and Gross (2000), E. for polymerization of
PCL was calculated at 81 kJ mol™'. These results were in agreement with the theory that
the formation of ester bond requires higher energy input compared to its breakage.
Marten et al. (2003) reported that £, at 200 kJ mol™! was calculated for PCL solid film
degradation by lipase from Pseudomonas sp., and this was five-folds than its E. for
degradation in toluene (this study). Degradation of solid film is a slow process and
involves complex processes starting with water molecules penetrating the amorphous
regions within the film, which triggers the enzyme-catalyzed hydrolysis of the ester

bond and liberation of products into the media (Wang et al., 2004).
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CHAPTER 5

CONCLUSION

The findings from this study detailed salient behavior of lipase-mediated
hydrolysis of PCL in toluene. Understanding the fundamental physiognomies of the
enzymatic scission of biopolymers such PCL assists in the improvement of platform
chemicals production from degradation products. These versatile oligomers can be
applied as integral components for processes such as copolymerization or

functionalization of valuable compounds such as PCL macromere.

FUTURE RECOMMENDATIONS

The low solubility of PCL in aqueous media is a major drawback in the
enzymatic polymer degradation. In this study, toluene was employed both as reaction
medium and PCL dissolution for better contact between polymer chain and CALB.
Although the behavior of CALB-mediated PCL hydrolysis in toluene has been
established in the present study, a number of organic solvents also capable of
solubilizing PCL such as dichloromethane, chloroform, tetrahydrofuran, carbon
tetrachloride, benzene, cyclohexanone and 2-nitropropane still need to be tested as
reaction media. Knowledge on monomer and oligomer release by these solvents are
vital to understand the behavior of CALB in organic solvents with different properties.
It will lead to improved models for better prediction of polymer degradation behavior.

Such models are vital for rational exploration of potential biodegradable polymers.
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Figure SS1. Chart shows the fragmentation of dicaprolactone by electron impact

ionization (EI)
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Figure SS2. Diagram shows the calculation of mass-to-charge ratio for lactone chain
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Table SS3 shows the initial rate of degradation at different concentration of PCL

Initial rate of degradation (g mol™* h'l) at different Rate
Temperature . 1 ,
() concentration of PCL (g mol™) constant, k

10 30 50 80 100 (h™)

303 41009 35994 26009 23392 16330 265.6

308 40150 36092 34535 33719 33139 69.5

313 42042 41164 39054 36639 33656 92.0

318 47503 43660 41623 36912 33972 147.0

323 30333 26479 25864 19868 16921 146.4
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ABSTRACT

Lipase-catalyzed hydrolysis of poly(e-caprolactone) (PCL) in toulene was investigated. PCL with number-
average molecular weight (Mp) 10,000 g mol~' was hydrolyzed using immobilized Candida antarctica
lipase B (CALB). The increase in PCL concentration led to a decrease in degradation rate. Enhanced rate
was observed when reaction temperature was increased from 30 to 50 °C. Enzymatic chain scission of
PCL yielded cyclic dicaprolactone, tricaprolactone, tetracaprolactone and oligomers with M, less than
~1000 g mol . Catalytic formation of cyclic lactones via back-biting mechanism in low water content
environment was attributed to CALB. Its hydrolysis of PCL displayed consecutive random- and chain-end
scission with time from detailed thermal, molecular weight and structural analyses. Apparent activation
energy, E, for hydrolysis was 45 k] mol~" i.e. half of that reverse reaction. Dicaprolactone and oligomers
from hydrolysis readily re-polymerized to produce mid-range polymer with M, 1400 g mol ! after 36 h
in the same reaction medium.

Cyclic lactones
Scission mechanism

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Excellent progress has been made in the application of
degradable polymers like poly(e-caprolactone) (PCL) as tissue-
growth scaffolds [1,2], scaffold component for tissue engineering
[3—5], anti-adhesion film [6], suture coating [7], drug delivery de-
vices [8] and food packaging [9] because of its biocompatible and
non-toxic properties [10] Unlike natural polymer, cells cannot
assimilate most synthetic polymers because the degraded products
are found to be toxic to them [11,12]. Synthesis of PCL has been
performed extensively using various chemical catalysts, while
enzymatic synthesis gains extra attention due to its environmental
friendly route [4].

It was demonstrated that lipases possess wide substrate speci-
ficity with the ability to hydrolyze PCL in aqueous solution [13]. This
has been demonstrated in a small scale but has yet to become viable
for industrial application because of its low yield, enzyme reus-
ability and cost issues. Furthermore, there is an outstanding issue of
the very low solubility of hydrophobic PCL in the aqueous solution
[14]. The use of immobilized enzyme for PCL degradation in organic

* Corresponding author. Institute of Biological Sciences, Faculty of Science, Uni-
versity of Malaya, 50603 Kuala Lumpur, Malaysia.
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solvent is a promising route in improving reaction Kkinetic,
increasing the yield of degradation products and ease in products
separation compared to aqueous mixture [10,15]. More impor-
tantly, PCL is more soluble in the organic solvent than aqueous
solution.

Single-type, dry organic solvent as reaction medium could be a
viable solution to the solubility issue since immobilized enzyme
such as CALB still contains about 1 wt % water [14—16] for it to
perform degradative catalysis in organic solvent. This nominal
amount of water is hypothesized to be sufficient for the enzyme to
favor the hydrolysis of PCL as long as aqueous microenvironment
on the surface of enzyme is not stripped away by the organic sol-
vent [17]. Trodler and Pleiss [18] reported that non-polar solvent
environment resulted in reduced flexibility of CALB in the core and
the active site but higher flexibility for residues located on the
surface. Proper selection of reaction medium for CALB is very
crucial since five surface elements of CALB consisted of a short a-
helix (residues 139—150), a long a-helix (residues 266—289) that
forms the entrance to the active site, and three surface loops (res-
idues 26—30, 92—97 and 215—222) exhibiting solvent-dependent
flexibility change. Non-polar solvents do not alter the backbone
and the total surface area of CALB but hydrophilic surface exposure
is significantly decreased compared to when CALB is in aqueous
environment [18]. The reduction of hydrophilic surface of CALB in
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7.1 Introduction

Polyhydroxyalkanoates (PHAs) are biodegradable and biocompatible poly-
esters with versatile structural compositions. Bacterial PHAs are produced
using a combination of renewable feedstock and biological methods mostly
via a fermentation process. Native and recombinant microorganisms have
been generally used to produce different types of PHAs, such as homo-
polymers™”® and copolymers of diverse morphology.> Alternative pro-
duction schemes of PHAs in vitro based on cell-free enzymatic catalysis are
gaining momentum and may become the preferred route to some specialty
products.®’

In addition to their biodegradability, compatibility, and compostability,
PHAs were reported to possess gas-barrier properties almost similar to those
of polyvinyl chloride and polyethylene terephthalate.® These combinations
of excellent physico-chemical properties coupled with the current concerns
over environmental pollution and waste degradation drive their increasing
commercial exploitation in different niche applications spanning from
biomedical, packaging, automotive, infrastructure, aerospace to military
applications.””
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