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Abstract
Thermo-reversible hydrogels, or thermogels, are a category of gel forming materials that are
liquid at lower temperatures but turn into gel at higher temperatures. Thermogels are explored
for different applications in drug delivery and tissue engineering fields. In this context, the
development of biocompatible and biodegradable hydrogels that can safely be used in human
is of great interest .In this thesis, the development of thermo-reversible hydrogels from block
copolymers based on a block of poly(ethylene glycol) (PEG) and two blocks of functionalized
poly(e-caprolactone) was explored. In the first chapter, we investigated the effect of the ring-
opening polymerization method (bulk versus solution polymerization) on the properties of
prepared block copolymers such as molecular weight, molar mass dispersity, as well as
thermo-responsive gelation, and viscoelastic properties of block copolymer solutions in water.
Our results showed in block copolymers based on poly(ethylene glycol) as hydrophilic middle
block and poly(a-benzyl carboxylate-e-caprolactone) as the hydrophobic lateral blocks
(abbreviated as PBCL-PEG-PBCL) the presence of a specific concentration of a high
molecular weight subpopulation was crucial for the formation of thermo-reversible and
viscoelastic PBCL-PEG-PBCL hydrogels. The appearance of this subpopulation was
attributed to the formation of partially cross-linked or branched polymers during ring opening
polymerization of a-benzyl carboxylate-e-caprolactone by PEG. To test this hypothesis, in the
next step, we synthesized chemically cross-linked PBCL-PEG-PBCLs by the manual
introduction of different nucleophilic cross-linkers to PBCL-PEG-PBCL copolymers. The
effect of the type and/or molar ratio of cross-linker to polymer on the formation of viscoelastic
thermogels was then investigated. This step sheds light on the required conditions for the

synthesis of PBCL-PEG-PBCLs capable of formation of viscoelastic thermogels around 30°
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C. Such viscoelastic thermogels were prepared using chemical cross-linking of PBCL-PEG-
PBCL by PEG400 at PEG400/BCL molar ratio of 4:10. In the next chapter, we characterized
the effect of benzyl carboxylate conversion to carboxyl groups in partially cross-linked PBCL-
PEG-PBCL copolymers, on the thermo-gelling behaviour of produced structures (abbreviated
as PCBCL-PEG-PCBCL) in water. The results showed the hydrophilic/lipophilic balance in
the polymer structure affects the formation of viscoelastic thermo-gels from partially cross-
linked PCBCL-PEG-PCBCL copolymers under study, with the thermo-gels to be formed for
PCBCL-PEG-PCBCL with around 35-65 percent COOH substitution on the polymeric
backbone. Finally, we developed polymeric micelle loaded liposomal formulation (or
lipocell) through encapsulation of triblock copolymer of poly(a-carboxyl-co-benzyl
carboxylate-g-caprolactone)-b-poly(ethylene glycol)-b-poly(a-carboxyl-co-benzyl
carboxylate-¢- caprolactone) (PCBCL-PEG-PCBCL) conjugated to doxorubicin (abbreviated
as PCB(CL-DOX)-PEG-PCB(CL-DOX)) in liposome via the freeze-thaw method. The
success in the encapsulation of polymeric micelles inside liposome was assessed with a
transmission electron microscope (TEM) employing either a negative staining or a cryogenic
TEM technique (cryo-TEM). The results of this study identified the required synthesis
condition leading to the preparation of viscoelastic thermogels based PBCL-PEG-PBCL and
PCBCL-PEG-PCBCL. It also set the foundation for the preparation of polymeric micelles
encapsulated liposomes or lipocells, as a new nanocarrier for future applications in drug

delivery.
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Chapter 1. General Introduction
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1.1 Stimuli-responsive copolymers and their application in drug delivery

Stimuli-responsive polymers or smart polymers are macromolecules that can be triggered for a
change in their properties by various external or physiological stimuli including' temperature -3,
pH 37 light 8, electric and magnetic fields °. Table 1-1 shows various pros and cons of currently
developed stimuli-responsive drug delivery systems. The external stimuli can cause observable or
detectable changes in the morphology or molecular bond of polymers which can induce
macroscopic changes in shape, color, and function '°. The concept of a stimulus-responsive drug
delivery system was reported for the first time in 1978 by the use of thermo-sensitive liposomes
for the enhanced local release of drugs by hyperthermia '!. Then smart polymers have found

-5,12-14

numerous applications in medicine specially drug delivery * , chemotherapy '°, self-healing

16 "and anti-bacterial materials !’. Tables 1-2 exhibit examples of different stimuli-responsive
copolymers as drug delivery systems. Between different stimuli-responsive polymers,
considerable attention has been paid to temperature-responsive polymers due to their sharp
changes in properties upon exposure to small changes in environmental temperature %1%,
Temperature-responsive polymers can divide into 2 categories: polymers with negative
temperature sensitivity and positive sensitivity. Polymer with a negative temperature sensitivity
which defines as the lower critical solution temperature (LCST) is in a homogeneous mixed phase
at a temperature below LCST due to hydrogen bond formation between water and hydrophilic
polymeric parts. By increasing the temperature above the LCST, the hydrophobic interaction
between the hydrophobic polymeric parts dominates and causes polymeric network collapse then
phase separation occurs. On the other hand, the positive sensitivity of polymers defines by upper

critical solution temperature (UCST) which leads to collapse in the polymeric network at a

temperature below UCST, while swelling occurs at a temperature higher than UCST.
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Table 1-1. Advantages and disadvantages of various stimuli-responsive drug delivery systems currently

developed '7:25-27,

Stimulus Advantages Limitations

1. Simple synthesis and 1. Design a safe and sensitive
formulation system that can respond quickly to
2. Ease of control based on critical slight temperature changes
solution temperature 2. Injectability issues under

Temperature 3. Stability during circulation administration conditions
4. Applicable in vitro and in vivo 3. Low mechanical strength
5. Simplicity of active molecule 4. Instability of thermolabile drugs
incorporation 5. Burst release of the incorporated
6. Ability to deliver hydrophilic drug
and lipophilic drugs
1. Suitable for delivery of 1. Poor stability before reaching a

pH anticancer drug target
2. Suitable for thermolabile drugs 2. Low mechanical strength
1. Ease of control for triggering 1. Inconsistent response to the
Light drug release stimuli
2. Dark toxicity of light-responsive
polymers

1. Gradual and pulsative release of 1. Surgical implantation is required

Electric field drugs possible 2. Difficulty in optimizing the

magnitude of electric field

Table 1-2. Example of stimuli-responsive copolymers applied for drug delivery.

Copolymer Type of Stimuli- Drug Reported application in the  Ref
Responsiveness preclinical stage
PLGA-PEG- Temperature Exenatide Treatment of type II diabetes 20
PLGA
PCL-PEG-PCL Temperature Paclitaxel Prevention of colorectal cancer 2!
metastasis
GC/OHC-PEO- pH Paclitaxel and Prolongation of the survival rate %2
PPO-PEO-CHO Doxorubicin  of B16F10 tumor-bearing mice
PEG-b-CPCL pH Ibuprofen/Ca  Delivery of multiple drugs for 2
mptothecin oral drug delivery
PEG-PCL/Gold Light Doxorubicin  Remote near-infrared triggered 24
nanorod hybrid drug release
NPs
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1.1.1 Physical forms of stimuli-responsive polymers

Stimuli-responsive polymeric materials (SRPMs) have been utilized in various physical forms :

1. Cross-linked hydrogels (permanently cross-linked)
2. Reversible hydrogels
3. Micelles
4. Modified interfaces
Hydrogels are a 3D network of polymer chains formed through physical or chemical cross-linking
of polymers at specific functional group sites. The cross-linking makes the polymeric network
water-insoluble, but the hydrophilic polymer may still absorb water and swell. The cross-link
density of hydrogels can affect the swelling ratio and inner structure of hydrogels ?%%°. Reversible
Stimulus responsive polymeric materials (SRPMs) are the ones that show the formation of a three-
dimensional network in response to stimuli such as pH, temperature, light, electric field, etc.
Thermo-reversible hydrogels are made from SRPMs that show the solution to gel (sol-gel)
transition by an increase in temperature. In this category of SRPMs, usually, gelation and
formation of three-dimensional polymer networks are triggered by the formation of hydrophobic
interactions leading to physical cross-linking in aqueous media. This category of hydrogels is
mostly used for the formation of injectable hydrogels for depot drug delivery *°.
In addition to smart hydrogels, smart polymeric micelles have gained popularity in recent years
for different applications. Micelles form by self-aggregation of amphiphilic block copolymers in
aqueous media. Smart polymeric micelles can be formed through the introduction of ionizable, or
cleavable functional groups to either hydrophobic or hydrophilic blocks of block copolymers. In

this case, upon exposure to stimuli dissociation, or association of block copolymers can be
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triggered, and/or core or shell forming groups can get released from the micellar structure leading
to a change of morphology in the micellar system.

Micelle formation can happen at a low concentration of block copolymers (above critical micellar
concentration) by entropic-driven force. At a higher concentration of block copolymers, called
critical gel concentration (CGC), the interaction between micelles increases, and reversible
hydrogels can form 283132,

Also, surfaces such as polymers, silica, and metal can be functionalized with stimuli-responsive

polymers to produce a smart interface between liquid and solid phases for applications such as
biomedical, bioelectronics, and catalysis 2%,

1.1.2 Methods for the preparation of Stimuli-responsive hydrogels

1.1.2.1. physically cross-linked hydrogels

Stimuli-responsive hydrogels can be prepared by physical or chemical cross-linking methods.
Physically cross-linked hydrogels can be prepared without cross-linking agents, organic solvents,
and photo-irradiation, and the final hydrogel is reversible. Nevertheless, there is some difficulty in
controlling of some variable factors such as gelation time, the pore size of the network, and
degradation time in physically cross-linked hydrogels. Physical cross-linking between polymeric
chains can occur using a variety of physicochemical interactions such as hydrophobic interactions,
hydrogen bonding, charge condensation, steriocomplexation, or supramolecular chemistry as
illustrated in figure 1-1 3. Amphiphilic copolymers can often form physically cross-link in an
aqueous environment by changing temperature. For amphiphilic block copolymers base on PEG
and PCL, hydrophobic interaction between polymeric chains is the most common mechanism of
gelation. Mechanism of physical gelation driven by hydrophobic interaction is shown in figure 1-

1 A. By increasing the temperature hydrophobic domain in amphiphilic copolymers prefers
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aggregation to minimize interaction with the surrounding water and maximize the solvent entropy.
The sol-gel temperature depends on the length of the hydrophobic block, polymer concentration,
and chemical structure of the polymer. Increasing the concentration and hydrophobicity of the
hydrophobic segment leads to a larger driving force for the aggregation of block copolymers and/or
micelles and lowers the gelation temperature. Some common hydrophobic segments such as poly

oxide) (PPO), poly acid)(PLGA),

(lactide-co-glycolic poly(N-isopropyl

(propylene
acrylamide)(PNIPAM), poly(urethane)(PU) and poly(caprolactone)(PCL) can undergo reverse

thermal gelation near the physiological body temperature by hydrophobic interaction mechanism.

hydraphilic block
hydrophebicblock

(o W

o W

§

j hydrophebic
domains

any polymer

Lactide

CH,

+°-3H "

./:n\gr 13, ] / &\1}
D-lactide >

stereocomplex

add pelymerof
opposite charge

J/

+

J\J\ add small molecule

cross-finker of
opposite charge

Figure 1-1. Mechanism of physical gelation driven by: A. Hydrophobic interaction. B. Hydrogen bonding. C. Steriocomplexation.
D. Electrostatic interaction and E. Supramolecular chemistry. (Adapted from: Hoare TR, Kohane DS. Hydrogels in drug delivery:
Progress and challenges. Polymer. 2008;49(8):1993-2007 ).
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Physical gelation can also occur through hydrogen bonding interaction between the compatible
polymeric chain. Hydrogen bonding can be used to formulate injectable hydrogels while shearing
the mixture (for example forcing the solution by needle) can disrupt the weak hydrogen bond and
facilitate injection. Figure 1-1B shows physical gelation via hydrogen bonding between
methylcellulose and hyaluronic acid while the hydrogen bonds break under shear. The hydrogen-
bonded networks are not stable in vivo and can dilute and disperse due to the influx of water.
Stereocomplexation is another form of physical gelation which refers to the association between
polymer chains or small molecules of the same chemical composition, but with different
stereochemistry, as shown in figures 1-1C. However, stereocomplexation is limited to the small
range of polymers that have stereochemistry. Also, small changes in the chemical composition of
the polymer can significantly weaken or eliminate the stereochemical interaction.

Physical gelation by electrostatic interaction can occur by adding the polymer with an opposite
charge or adding a small molecule with an opposite charge as a cross-linker as shown in figure 1-
1D. Charge interactions have been widely used in drug delivery specially using pH change as a
trigger.

Supramolecular chemistry is a newer category of physically cross-linked hydrogels which uses
supramolecular chemistry (ordered arrangement of molecules assemblies and the intermolecular
bond), as illustrated in figurel-1E, poly(ethylene oxide) can be cross-linked using cyclodextrin to
form a reversible hydrogel which is injectable 3>¢. Table 1-3 gives an overview of the various in-

situ gelling system which were physically cross-linked by discussed methods.
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Table 1-3. Overview of polymer systems, cross-linking methods, and medical applications of hydrogels.

Copolymer Cross-linking Application Reference
method
PLGA-PEG-PLGA Hydrophobic Using physical gelling as an injectable 37
interaction sustained-release carrier for a PEGylated
drug
PEO-PPO-PEO Hydrophobic Pluronic used in drug delivery, gene and 38
interaction cancer therapy
PCL-PEG-PCL Hydrophobic In situ gel-forming controlled drug 39
interaction delivery system
Carboxyl methyl Hydrogen bonding Tissue Engineering, bioprinting, drug 4041
cellulose (CMC) delivery, and cancer therapy
Poly (vinyl alcohol) Hydrogen bonding Tissue Engineering for repairing and 42
regenerating tissues and organs
PEG-PLLA/PDLA  Stereocomplexation Controlled delivery carrier 43,44
diblock and triblock
dex-HEMA-MAA + Tonic interaction Delivery of pharmaceutically active 45
dex-HEMA- proteins
DMAEMA

1.1.2.2. chemically cross-linked hydrogels

In this category, hydrogels are formed through covalent cross-linking of polymer chains together.

The chemically cross-linked hydrogel can provide better mechanical stability compared to physical

gels, which prevent dilution of hydrogel and diffusion of the polymers away from the site of

injection. However, the cross-linking agents are often toxic and there is a possibility of unwanted

reaction in chemical cross-linking which produces by-products or branched polymer 3¢, The

chemically cross-linked hydrogel can be synthesized by adding a small molecule as a cross-linker

to reactive pre-polymers or through polymer-polymer cross-linking which is pre-functionalized

with reactive functional groups .
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1.1.3 Hydrogels based on polycaprolactone and polyethylene glycol

Hydrogels made from amphiphilic block copolymers containing both hydrophilic and hydrophobic
units represent many advantages and applications compared to other hydrogels. The hydrophobic
part in hydrogels improves their mechanical properties and structural stability compared to simple
hydrogels. Importantly, the presence of both hydrophobic and hydrophilic segments in amphiphilic
hydrogels allows them to carry hydrophilic and/or hydrophobic drugs *“*®. Among different
synthetic polymers, PEG was used as a hydrophilic part in most hydrogels due to its excellent
properties such as versatility of its chemistry, good solubility in aqueous and organic solvents, and
excellent biocompatibility. On the other hand, the long-term biodegradability of PEG is a
disadvantage that can be compensated by using biodegradable polymers like polyesters along with
PEG #**°, In 1999, Choi et al synthesized di-block and triblock copolymers based on PEG and
polyester °!. Among polyesters, PCL found versatile applications in biomedical applications due
to biocompatibility, hydrophobicity, biodegradability, and crystallinity. Generally, PEG/PCL
copolymers are synthesized by ring opening polymerization of cyclic ester monomer (e-
caprolactone) in the presence of PEG as the initiator mostly with the help of proper catalyst such
as Stannous octoate >>. Rofg opening polymerization (ROP) is an important aspect in polymer
chemistry that involves chain-growth polymerization, where the tail end of initiator polymer acts
as a reactive site and cyclic monomer can bind by opening the ring for effective elongation of
polymer. The reactive site of the initiator can be cationic, anionic, or a radical but e-caprolactone
mostly react following the attack of the anionic initiator as shown in figure 1-2. The ring opening
polymerization can be performed either as a bulk or solution polymerization 3. In bulk
polymerization, no solvent is used and the PEG as the initiator is mixed in a melted condition with

the catalyst and monomer. The polymerization usually occurs at high temperatures and there is a
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possibility inadequate uniformity in heat transfer leading to the non-uniformity of polymer
molecular weight distribution. Use of organic solvents in the polymerization reaction can lower
the temperature needed for polymer synthesis, enhance heat transfer and the monodispersity of the

polymer population synthesized.

0]

C
JUW R™M ‘ + OQ _— J_KIO' Mt
R

Reactive site of the initiator Cyclic ester

Figure 1-2. lllustrating the reaction for the ROP of the cyclic ester by anionic initiation

Linear copolymers of PCL/PEG can be formed as AB, ABA, or BAB copolymer (A is PCL and B
is PEG segment) based on the ratio of PCL to PEG. Table 1-4 shows a summary of different forms
of PCL/PEG copolymer making hydrogels, that appeared in the literature in the past decade along

with their synthetic method, and application.

10
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Table 1-4. Overview of polymer systems, cross-linking methods, and medical applications of hydrogels.

Copolymer

Synthetic method

Description and applications

Ref.

PEG-PCL-PEG

PEG-PCL-PEG

PEG-PCL-PEG

PCL-PEG-PCL

PEG-PCL-PEG

PCL-PEG-PCL

PEG-PCL-PEG

PCL-PEG-PCL

PCL-PEG-PCL

PCL-PEG-PCL

PCL-PEG-PCL

PCL-PEG-PCL

PCL-PEG-PCL

PCL-PEG-PCL

ROP catalyzed by Sn (Oct), and
hexamethylene diisocyanate as
coupling agent

ROP catalyzed by Sn (Oct), and
hexamethylene diisocyanate as
coupling agent
ROP catalyzed by Sn (Oct), and
hexamethylene diisocyanate as
coupling agent
ROP of PCL incorporated with
cyclic ether and catalyzed by Sn
(Oct),

ROP catalyzed by Sn (Oct), and
hexamethylene diisocyanate as
coupling agent
ROP catalyzed by Sn (Oct), Bulk-
photo cross-linking
ROP catalyzed by Sn (Oct), and
hexamethylene diisocyanate as
coupling agent
ROP catalyzed by Sn(oct), Bulk

ROP catalyzed by Sn (Oct), Bulk

ROP catalyzed by Sn (Oct), Bulk

ROP catalyzed by Sn (Oct), Bulk

Combination of ROP and RAFT-
Solution

ROP catalyzed by Sn (Oct), Bulk

ROP catalyzed by Sn (Oct), Bulk

PEG-PCL-PEG hydrogel is used for preventing local
breast cancer recurrence and improving incision wound
healing in a mouse model

Hydrogel composite of PEG-PCL-PEG, collagen, and
nano-hydroxyapatite used for guided bone regeneration.

PEG-PCL-PEG hydrogel is used as an injectable drug
delivery system for the release of insulin.

PCL-PEG-PCL hydrogel used for sustained release of
PTX-incorporated nanoparticles synergized by a burst
release of Dox.HCL

PEG-PCL-PEG used for ocular drug delivery of
diclofenac sodium

Photo cross-linked PCL-PEG-PCL hydrogel used in
cartilage tissue engineering.
PEG-PCL-PEG modified via cyclic ether pendant group
to improve storage modulus, injectability,
biodegradability, and sol-gel transition controllability
Combination of PCL-PEG-PCL hydrogel and Chitosan-
multi walled carbon nanotubes used for doxorubicin
delivery.

The microsphere of PCL-PEG-PCL/Alginate hydrogel
improved skin wound healing.

Injectable PCL-PEG-PCL hydrogel is used for sustain-
release hyaluronic acid delivery to improve the lubricity
of artificial joints.

PCL-PEG-PCL hydrogel composite with the poly (D, L-
lactide) electrospun nanofiber membrane used for guided
spinal fusion.

Amphiphilic copolymer based on PCL and PEG
synthesized via a combination of ROP and RAFT for
delivery of anethole.
Magnetic-PCL-PEG-PCL nanoparticles are used as
anticancer drug carriers.

Temperature and pH-responsive pentablock copolymer
used for controlled release of insulin incorporated
chitosan
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PCL-PEG-PCL ROP catalyzed by Sn (Oct), Effect of PEG length on phase segregation, 69
cellulose nanowhisker (CNW), as crystallization, and thermal stimuli responsiveness in
a cross-linker PCL-PEGx-PCL copolymer investigated for tissue
engineering applications.
PCL-PEG-PCL | ROP catalyzed by Sn (Oct), Bulk Nanocarrier of PCL-PEG-PCL synthesized for co- 70

loading of docetaxel (DTX) and quercetin (Qu) to
decrease side effects of the drug.

1.1.4 Effect of PCL and PEG molecular weight on solubility and thermo-responsive
behavior of PCL-PEG-PCL block copolymer

1.1.4.1 The effect of PCL block molecular weight on thermo-gelling behaviour of PEG/PCL
copolymers

In constant PEG block molecular weight, increasing the PCL molecular weight (chain length),
elevate the micellar stability and improves the hydrophobicity of the copolymer backbone.
Considering the hydrophobic interaction is the driving force for the creation of PEG/PCL physical
hydrogel, in constant PEG block length, the surge in the PCL block length decreases critical
gelation concentration (CGC) and lowers critical gelation temperature (LCGT) while upper critical
gelation temperature(UCGT) increase. Increasing the molecular weight of hydrophobic PCL block
leads to a reduction of critical micellar concentration(CMC) and an increase in micellar stability
then gelation occurs at lower temperatures and lower concentrations also micelles will be broken

at higher temperatures and UCGT increase *°.
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1.1.4.2 The effect of PEG block molecular weight on thermo-gelling behaviour of PEG/PCL
copolymers

In 2008, Liu et al investigated the effect of the PEG molecular weight on the gelation of PCL-
PEG-PCL triblock copolymer through the inverse flow method. They reported in constant
molecular weight of PCL(1000 Da), by increasing the PEG molecular weight from 1000 to 1540
Da, the sol region window became bigger and shifts to a lower concentration. This was attributed
to the improved solubility of the copolymer by increasing PEG block length. However, CGC and
LCGT declined which might be caused by increase in the total molecular weight of the copolymer.
On the other hand, in 2009, Gong et al reported an increase in LCGT and UCGT when the
molecular weight of the PCL block was kept constant, and the PEG molecular weight was
increased the gelation window shifted to a higher temperature and concentration. This was

attributed to a decrease in the hydrophobicity of copolymer due to a decline in PCL/PEG ratio >*7!.
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1.2 Characterization of triblock copolymers

1.2.1 Gel permeation chromatography (GPC)

Gel permeation chromatography(GPC) or size exclusion chromatography (official [IUPAC name)
is one of the most commonly used techniques for polymer characterization. The main application
of GPC technique is to provide information on the molar mass averages and molar mass
distribution of polymer. It can also provide valuable information about chemical composition
distribution (CCD), Intrinsic viscosity distribution, branching, functionality, chain length, and
conformation of polymers. Figure 1-3 shows the GPC system used in our study (Agilent 1260
Infinity), which consisted of a manual injector, pump, Refractive Index detector (RI), dual-angle
light scattering detector, viscometer detector, a series of two columns (Styragel HR2 and styragel
HR 4E from waters) and a column oven. In GPC, the separation process of polymer samples occurs
based on the size or precisely, the molecular hydrodynamic volume of polymer molecules. The

GPC column stationary phase (typically a cross-linked gel ) is composed of very small porous

.
.

Filtered solution | —
Data acquisition accessory

p

material with different sizes.

A

DualanglelS || g getactor
detector

p

Viscometer
detector

.\ \ /
y 7 -
. ®
q =@ <) Detectors
= -~/ @ Llarge molecules
\
\.‘i‘-—.-;’/‘ + Small molecules

Porous gel

Figure 1-3. Diagram of gel permeation chromatography (GPC) equipment used in this study.
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Smaller molecules (marked in blue) can diffuse deeply into more pores and as a result of spending
more time in pores, elute from the GPC column after larger molecules. Based on this principle,
polymers will be separated based on their molecular size and show different elution times from
the column "> For every GPC system regardless of analysis methods (Conventional calibration,
universal calibration, or triple detection ), standards with narrow size distribution are used to
determine instrument constants and detector offsets. In our studies, the GPC instrument was
calibrated with a set of polystyrene standards covering a molecular weight range of 160-200,000
g/mol. The GPC Agilent 1260 Infinity is equipped with RI, viscometer, and light scattering
detector to offer not only precise data, but also information that is only available in case of multiple
detector combinations. The RI detector can measure sample concentration or refractive index
increment (dn/dc) based on Eq.1-1, while no is the refractive index of the solvent.

The dual-angle light scattering detector is used to measure the absolute molecular weight of
polymers independent of any standard calibration. Light scatter detector works based on the fact
that the light from the incident beam hit some molecules in the sample and cause light scattering.
The key point is that the intensity of the scattered light is directly related to the molecular weight
of molecules (My) in the sample based on the Rayleigh equation (Eq.1-2). At angle 0 and low

concentration ( Az is negligible), the Rayleigh equation is simplified to Eq.1-3 7*7°.

Rl yeq = R::Oal . Z_: = ConcCsample - Vinj Eq.1-1
Kopt .C _ 1

TR ipg T 2A2:C Eq.1-2
Re = Kopt .C. MW Eq. 1'3
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Kopt: optical constant for polarized light.

c: concentration of the sample.

Re: Ry is the excess Rayleigh scattering ratio of the solution above that of the pure solvent,
measured at angle 0.

Pe: particle scattering function or angular dissymmetry.

Az: second virial coefficient- related to the sample/solvent interaction.

The viscometer detector provides the valuable property of polymers which is viscosity (1). The
combination of a viscometer detector with a light scatter detector can provide high-value
information on samples such as hydrodynamic size, branching, and conformation of polymers. The
theory behind the viscometer detector is the solution containing dissolved macromolecules would
be more viscose compared to the solvent and it causes pressure differential in 4 capillaries of
viscometer (Figure 1-4). The DP is equal to the difference between the pressure drop of Rz and R4

and IP is integral pressure. whenever the sample flows through Ri, R>, and R3 the delay column

passes solvent to R4, then the viscosity calculates based on the below equation:

_ 4DP
"= Tr—2pp

Eq. 1-4

Flow In
Flow Out

Figure 1-4. The capillary bridge used in
viscometer
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1.2.2 Nuclear Magnetic Resonance (NMR) spectroscopy

Nuclear Magnetic Resonance (NMR) spectroscopy is one of the most powerful, sensitive, and
versatile techniques based on the magnetic properties of specific nuclei. The NMR was
commercialized in the 1950s and quickly became a crucial tool for chemical research. When
molecules are placed in a strong magnetic field, the nuclei of some atoms behave like a magnet
and by applying the radio frequency waves, the nuclei will resonate at their specific frequency.
These resonant frequencies are then measured and converted into an NMR spectrum. The NMR
spectrum is a plot of the intensity of absorption (or emission) on the vertical axis versus frequency
on the horizontal axis. In the NMR, the position of lines shown in “part per million” (ppm) using
the chemical shift scale, then the position of the NMR peaks becomes independent of the field
strength. The chemical shift scale is set up by agreeing to the reference compound and using the
below equation while v is the frequency of the NMR line and v,..f is the frequency of reference
compound °.

vV—U
5(ppm) = 106 x ——<L

Ure f

The effective magnetic field can also be affected by the orientation of neighboring nuclei. This
effect is known as a spin-spin coupling which can cause the splitting of the signal into two or more
lines.

NMR can be applied to liquid and/or solid material for the characterization of polymer hydrogels,
determination of the mechanism of gelation, and self-assembly of polymer network "”-’8, In this
work, we used Bruker Avance III HD 600 MHz spectrometer to look over some polymer
characteristics like the degree of polymerization (DP), a number average molecular weight (M,),

and the percentage of debenzylation for block copolymers under study. Figure 1-5 depicts the 'H
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NMR spectrum of PBCL-PEG-PBCL block copolymer in CDCL3 and peak assignments. The DP
and M, of block copolymers were calculated by comparing the area under the peak of methylene
protons of the PEG block (CH2CH20-, 6=3.65 ppm) to the methylene protons of the PBCL

backbone (-OCHz-, 6= 4.1 ppm).

[l [b] [e] [d [e] o (1 (g ﬁ
HFO-H,C HaC HoC HoG-CH—C——0 CH.:CH.-Ow C~CH-CH;CHCH,CH0 1-H
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Figure 1-5. '"H NMR spectrum of PBCL-PEG-PBCL block
copolymers in CDCIs and peak assignments.

1.3 Characterization and aqueous solution behavior of triblock copolymers

Evolution of gel formation, determination of sol-gel transition, and viscoelastic properties of an
aqueous solution of copolymers as a function of temperature captured in small amplitude
oscillatory shear rheology and vial inversion tests. This section briefly described the methods and

parameters used to investigate the thermo-responsive behavior of polymer solutions.
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1.3.1 Vial inversion or inverse flow method

The vial inversion or inverse flow method is a traditional way employed to examine the successful
formation of the hydrogel. In this method vial containing polymer solution was equilibrated at 4°C
overnight, then the vial was immersed in a water bath. The temperature of the water bath increased
gradually from 10 to 50°C. The vials containing the above samples were equilibrated for 15 min
at each temperature. If the liquid inside the vial did not flow for the first 30 seconds, the sample
was regarded as a gel.

1.3.2 Using Rheology to characterize viscoelastic properties of polymer solutions

The term “Rheology” was defined in 1929 by Professor Bingham of Lafayette college as the study
of the deformation and flow of matter ™. In other words, theology explains the relationship between
the stress (amount of force applied to a given area of the sample ) and strain (deformation). The
ratio of stress to strain gives key information about the properties of materials. In 1868, Maxwell
defined the mechanical model that described elastic deformation with a spring (Hook’s law) and
viscoelastic deformation by dashpot (Newton’s law) for the viscoelastic liquids. In 1928, Voigt
proposed a parallel arrangement of spring and dashpot for the viscoelastic solid. A viscose material
can be modeled by dashpot as shown in Figure 1-6 A. when stress or force is applied to an ideal
viscous material, it starts to deform until the stress is removed. The required energy for
deformation dissipated within the fluid mostly as heat. In this case, the ratio of stress to the rate of
strain defines as viscosity (). On the other hand, the ideal elastic material like spring (Figure 1-6
C) deforms proportionally to the given stress as long as the elastic limit is not exceeded and will
return to the initial shape whenever stress is removed. In this case ratio of stress to strain to define
as elastic modulus (G). Majority of the materials are both viscous and elastic and classified as a

viscoelastic material. Therefore, it is possible to combine spring and dashpot in series, which is
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called the Maxwell model representative of viscoelastic liquids. A viscoelastic solid material can
be shown by the Kelvin-Voigt model that combined spring and dashpot in parallel (Figure 1-6 B)
80.81 The most common method for measuring the viscosity and viscoelasticity properties of fluids,
semi-solids, and solid materials is using a rheometer. In this study, we used Discovery Hybrid
Rheometer (DHR) in parallel plate geometry for measuring the viscoelastic properties of polymer

solutions in water.

A ﬂ F=F(v); F#F(x) Flow
G
> T

B ; ] Deformation + Flow
i n

n
Kelvin-Voigt model Maxwell model

I }W— F =F(x); F#F(v) Deformation

Figure 1-6. Represent of A: An ideal liquid (dashpot), B: Maxwell model to describe a simple
viscoelastic liquid and Kelvin-Voigt model for a simple viscoelastic solid, C: An ideal solid
(spring)

DHR uses controlled stress measurement, an oscillatory torque (the force that rotates material)
applied to the upper plate and the resultant deformation is measured. The ratio of the applied
complex stress to the measured complex strain gives the complex modulus (G*) and the phase lag
between the deformation and torque is shown by phase angle (8). If the material is an ideal elastic,

stress and strain are in phase and §=0", while for purely viscous materials, stress and strain are out
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of phase and show § value of 90°. For the viscoelastic material 0" <6<90" and §=45 ‘represent the

boundary between the viscous and elastic behavior of polymers.

A
GH G*
G'=G"cosé Eq. 1-5
Im
T G'= G+ G" G" = G'sind Eq. 1-6
GH ————————— %
/< 5 G G=V(G™+G") Eq.1-7
> tan 6 = G"/ G' Eq. 1-8

Figure 1- 7. Relationship between G', G"and G*

Despite several theories and a large number of published experimental methods to determine gel
point, still, there is debate regarding the best way to measure sol-gel transition temperature for
different polymer systems.

In 1986, Winter and Chambon focused on the polymerization of polydimethylsiloxane (PDMS)
and tried to define a model for the gel point (Winter-Chambon criteria). They observed a power-
law behavior between modulus (G' and G") and measurable frequency domain (Eq. 1-9 and Eq. 1-
10). Based on Eq. 1-11, in the particular case when n=1/2, G'= G" and the gel point can easily
measure at a single frequency. This simplification of the formula is so useful for some irreversible

gels where the frequency remains constant during experimental runs 5243,

G' ()= o" 0<ow<ow Eq. 1-9
G" ()= o" 0<w<w  Eq.1-10
G'(w) = o) & Eq. I-11

tannm/2 tan 8§
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1.4 Dynamic light scattering (DLS) measurements of self-assembly of copolymers

Dynamic light scattering (DLS), also known as photon correlation spectroscopy (PCS) is a non-
invasive technique for measuring the size of particles and molecules in suspension. DLS is a useful
technique with numerous applications in science and industry 3%, In 1845, George stokes found
that friction between moving particles is proportional to its radius and solvent viscosity. Later
(1905), Einstein established the brownian motion theory (random movement of particles due to
the bombardment by the solvent which quantifies by translational diffusion coefficient (D)) and
the Stokes-Einstein equation which relate the diffusion coefficient (D) of the particle to its
hydrodynamic radius (Rh) and viscosity of medium (1) according to Eq. 1-12 where KB is

Boltzman coefficient (1.380 x 10-23 kg.m2.s-2. K-1) and T is the absolute temperature *®.

_ KgT
6mNRy

Eq. 1-12

Based on the Stokes-Einstein equation DLS can measure the hydrodynamic radius of particles or
molecules which is the radius of a hard sphere that diffuses at the same speed as the particle being
measured.

The self-assembly of copolymers under study was determined using MALVERN Nano-ZS90
ZETA-SIZER (Malvern Instruments Ltd, Malvern, UK) equipped with laser at a wavelength of

633 nm using intensity function.

1.5. Differential Scanning Calorimetry (DSC)
Differential Scanning Calorimetry (DSC), is a powerful technique that has contributed
significantly to understanding the thermodynamic properties of the solid, liquid, powder, and film

samples for different applications such as food, drug, and polymer industry *°.
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The traditional DSC analyzes the thermal behaviour of samples by measuring the difference in
heat flow between a sample and inert reference as both are subjected to a linear change in
temperature °°. The Modulated DSC was commercialized in 1992 and could overcome most of the
limitations of traditional DSC such as measurement of heat flow and heat capacity in an
experiment. Modulated DSC increased resolution, and sensitivity, and ability to determine
transitions of samples more accurately.

The DSC or MDSC can calculate total heat flow based on the bellow equation

dH/dt =Cp dT/dt + £ (T,t) Eq. 1-13

Where Cp is the heat capacity of the sample, and dT/dt is the rate of temperature changes. T is the
absolute temperature and f (T.t) is a function of time and temperature expressing the calorimetric
response of the chemical or physical reaction ',

Determination of sol-gel transition for thermo-responsive hydrogels is one of the applications of

MDSC which appears in the thermograms as an endothermic peak.
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1.5. Research proposal

1.5.1. Central hypothesis
This thesis examined the central hypothesis that polymerization method, molecular weight
distribution, chemical or physical cross-linking, and hydrophilic-lipophilic balance can affect the

thermo-gelation of triblock copolymers based on PEG and functionalized PCL.

1.5.2. Rationale

Thermo-sensitive hydrogels based on PCL and PEG attracted considerable attention for
biomedical applications specially in the drug delivery field due to their biodegradability,
biocompatibility, and relative hydrophobicity *>. Compared to other PEG/polyester thermo-gels
such as PLGA-PEG-PLGA (ReGel®), PEG/PCL block copolymer has slow degradation. This is
dues to the high crystallinity and hydrophobicity of the PCL segment. However, this extremely
slow degradation and high crystallinity may not be desirable in specific applications °°.
Furthermore, the lack of functional groups in PCL structure reduced the capacity of PEG/PCL
hydrogels to incorporate drugs with having hydrophilic functional groups. Therefore, through
using conventional PEG/PCL hydrogel, it might be difficult to achieve target drug concentrations
incorporated into the gel or achieve slow drug release for such chemical entities.

Our research group has previously reported on the synthesis of amphiphilic triblock copolymers
based on PEG and functionalized PCL (a-benzyl carboxylate-e-caprolactone) (PBCL), as the
hydrophobic lateral blocks (abbreviated as PBCL-PEG-PBCL) using bulk ring opening
polymerization **%°. The synthetic process developed for the triblock copolymer in our lab was

found not to produce polymers capable of forming thermogels at aqueous media in a consistent

manner feasible for large-scale production. Therefore, the objective of the present research was
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to develop a reproducible and scalable process for the preparation of temperature-responsive gel
forming triblock copolymers based on PEG and functionalized PCL.

In the first step, we tried to modify the method of polymerization for the synthesis of PBCL-PEG-
PBCL copolymer and focus on the identifying a polymerization method that can lead to the
production of PBCL-PEG-PBCL thermogels. Thus, we defined for the first-time the effect of
molecular weight distribution of amphiphilic PBCL-PEG-PBCL block copolymer on their
temperature-induced sol-gel transition in water. This step was very crucial since the results
provided an understanding of the polymer characteristics that can affect thermo-responsive
gelation and viscoelastic properties of PBCL-PEG-PBCL solutions in water. The results of this
study identified a role for a higher than expected molecular weight population in the synthesized
copolymers, for the formation of thermogels in water from PBCL-PEG-PBCL. The formation of
this high molecular weight population was attributed to partial cross-linking of the polymer by
PEG or impurities of the monomer in the ROP reaction.

In the second step, to test the above hypothesis, we attempted to manually introduce different
chemical cross-linkers to PBCL-PEG-PBCLs prepared using ring opening polymerization of
purified monomer by PEG. The data in this chapter confirmed formation of thermogels from
PBCL-PEG-PBCL polymers that were partially cross-linked with PEG 400.

In the third step, we identified the effect of hydrophilic lipophilic balance in partially debenzylated
and cross-linked PBCL-PEG-PBCLs, on the formation of thermogels. Finally, we explored the
ability of PEG/BCL copolymer for encapsulation in liposomes as a new promising nano-platform

in drug delivery.
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1.5.3. Specific objectives

1. To assess the effect of polymerization method (bulk versus solution), and polymerization time
on the characteristics of PBCL-PEG-PBCL copolymers and their temperature-responsive sol-gel
transition.

2. To study the effect of different cross-linkers (PEG 400, polycaprolactone triol, and
trimethylolpropane ethoxylate) on the formation of partially cross-linked PBCI-PEG-PBCL co-
polymers prepared by bulk and solution polymerization and assess the thermo-reversible gelation
of the products.

3. To investigate the effect of benzyl carboxylate reduction on carboxyl group in partially cross-
linked PBCL-PEG-PBCL copolymers synthesized by bulk or solution polymerization on their
thermo-reversible gelation.

4. To synthesize and characterize PCB(CL-DOX)-PEG-PCB(CL-DOX) incorporated liposome (or
liposcells) as a novel DDS and assess the morphology of the prepared systems through cryogenic

electron microscopy.
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Chapter 2. The defining role of a high molecular weight population in block
copolymers based on poly (a-benzyl carboxylate-g-caprolactone) and poly (ethylene

glycol) on the formation of thermo-reversible hydrogels

The content of this chapter was published in :
Journal of ACS Applied polymer materials

Copyright® 2021 American Chemical Society.
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2.1 Introduction

Thermo-gelling polymers, i.e., those forming aqueous colloidal dispersions or sol at low

temperatures, but turning to gel at higher temperatures, have been the focus of much interest in

96,97 32,98-100

biomedical fields °*°7, particularly for drug delivery >7>777, tissue engineering and other
medical applications 719 In this context, polyester-based thermo-gels are very attractive
biomaterials, because of their biodegradability under physiological conditions and
biocompatibility of their degradation products '°*. Polyesters such as block copolymers of poly(D,
L-lactide-co-glycolide)-b-poly(ethylene glycol)-b-poly(D,L-lactide-co-glycolide) (PLGA-PEG-
PLGA), known as ReGel® ' and poly(e-caprolactone)-b-poly(ethylene glycol)-b-poly(e-
caprolactone) (PCL-PEG-PCL) are reported to exhibit reversible sol-gel transition around
physiological temperature in aqueous media '3

Despite the development of several thermo-gelling polyester-based biomaterials, prior reports on
polymeric characteristics that can affect their thermo-responsive gelation and their viscoelastic
properties are scarce in the literature %1%, Nevertheless, a role for the chemical structure %!,
molecular weight, molecular weight distribution ''%!'3 (MWD), and hydrophilic/hydrophobic
block length 4116 of PEG-poly(ester) block copolymers on their thermo-gelling behavior is
implicated. One of the few studies on this subject has been conducted by Ding ef a/ who examined
the influence of molar-mass dispersity (Pm) of ReGel®, on its sol-gel transition temperature (Tgel)
in aqueous media. They found a positive correlation between Py and the transition temperature of
113,117

ReGel®, irrespective of the average molecular weight of the PLGA-PEG-PLGA polymers

However, the source of an increase in the Pm of the polymer or processing conditions that can
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affect the Puv and, in turn, control the thermo-responsive sol-gel transition of ReGel® has not been
clarified 13117,

Our research group has previously reported on the synthesis of biodegradable triblock copolymers
based on PEG, as the hydrophilic middle block, and poly(a-benzyl carboxylate-g-caprolactone)
(PBCL), as the hydrophobic lateral blocks (abbreviated as PBCL-PEG-PBCL) using bulk ring-
opening polymerization *+°>12°. The objective of the current research was to investigate the
synthesis conditions and/or polymer characteristics that can lead to the production of thermo-
gelling PBCL-PEG-PBCLs with enhanced viscoelastic properties. In this context, using a fixed
monomer to initiator molar ratio (a-benzyl carboxylate-e-caprolactone (BCL) to PEG ratio) we
first assessed the effect of polymerization time in bulk versus solution ring-opening
polymerization, on the characteristics of the synthesized PBCL-PEG-PBCL block copolymers.
The properties that were evaluated included the average molecular weights, molar-mass dispersity
D, and intrinsic viscosity of prepared polymers. In the second step, the thermo-responsive self-
assembly, gelation, and rheology of block copolymer solutions in aqueous media were
investigated. Our results revealed that the formation of thermo-reversible PBCL-PEG-PBCL
hydrogels is dependent on the existence of a polymer population with a higher-than-expected
molecular weight at around 40 % molar concentration of the block copolymer sample, irrespective
of the polymerization method. Solution polymerization enabled better control over the weight
percentage of this high molecular weight population of PBCL-PEG-PBCL, under current synthesis
conditions. Partial cross-linking and/or branching of PBCL-PEG-PBCL under current synthesis
conditions was implicated as a potential reason for the formation of this high molecular weight

population.
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2.2 Experimental section

2.2.1 Materials

a-Benzyl carboxylate-g-caprolactone (BCL) was synthesized by Alberta Research Chemicals Inc
(ARCI), Edmonton, Canada, based on a previous report by our group '2!. Biphenyl (>99%) and
dihydroxy poly(ethylene glycol) (PEG) (Mw = 1450) were purchased from Sigma-Aldrich (St.
Louis, MO). Solvents such as tetrahydrofuran, dichloromethane, and hexane were chemical

reagent grade and purchased from Sigma-Aldrich (St. Louis, MO).

2.2.2 Synthesis of triblock copolymers

Ring-opening polymerization of cyclic esters such as lactide, glycolide, or e-caprolactone in the
presence of PEG as the initiator is a commonly used method for the synthesis of poly(esters)-PEG-
poly(ester) block copolymers. In this reaction, several types of metal catalysts such as aluminum
alkoxides, zinc butoxides, and most commonly tin(II) 2-ethyl hexanoate (Sn(Oct)2) is used >>122-
125 Here, polymerization of PBCL-PEG-PBCL copolymers was performed by ring-opening
polymerization of BCL by dihydroxy poly(ethylene glycol) (PEG) as initiator using bulk and
solution polymerization. Synthesis of PBCL-PEG-PBCL has been described in our previous
publication *. In the current study, polymerization was accomplished in the absence of any catalyst
to limit the rapid PBCL chain growth and keep the degree of polymerization of PBCL low. In
brief, 0.6 g of monomer (BCL) and 0.19 g PEG were dehydrated at 70°C under vacuum for 3 h,
then added to an ampule and sealed under vacuum. In solution polymerization, biphenyl (30%wt

of monomer) was mixed with other ingredients, then the ampule was sealed under vacuum. The

30



Chapter 2

polymerization reaction was carried out at 160°C for 15-25 h according to the preassigned
conditions summarized in Table 2.1. The polymerization was quenched by cooling down the
reaction container to ambient temperature. Prepared triblock copolymers were then purified by
dissolving in tetrahydrofuran (THF), followed by precipitation using anhydrous ethyl ether and the

supernatant decantation. The product was dried under a vacuum for 24 h.

2.2.3. Characterization of synthesized triblock copolymers

Purified polymers were dissolved in CDCls at a concentration of 5 mg/mL. '"H NMR spectra of
copolymers acquired by Bruker 600 MHz NMR were used to calculate the degree of
polymerization (DP) of caprolactone blocks and then the number of average molecular weight
(Mn) of copolymers. The DP of caprolactone blocks was calculated by comparing the area under
the peaks of methylene protons of the PEG block (CH2CH2O-, 6=3.65 ppm) to the methylene
protons of the PBCL backbone (-OCH;-, 6= 4.1 ppm). The M, of the PEG block was considered
1450 g/mol for these calculations (Figure S2-1).

Retention time, average molecular weights (MW), molar-mass dispersity (Pwm), intrinsic viscosity
(m), and conformation of prepared block copolymers were estimated by gel permeation
chromatography (GPC) (Agilent 1260 infinity with refractive index, light scatter, and viscometer
detectors) equipped with 2 columns (Styragel HR2 and Styragel HR 4E from Waters). The
instrument was calibrated with a set of polystyrene standards with molecular weights ranging from
160 to 200,000 g/mol. Polymer samples (5-10 mg/mL) were dissolved in THF (HPLC grade) and
filtered with a nylon syringe filter (pore size: 0.45 pm). Then 200 pL of samples were injected into

GPC which was operated at a THF flow rate of 0.7 mL/min at 35 °C. The elution time for all
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polymers was 30 min. During this time, the GPC chromatogram came back to the baseline but for

clarity of presentation, elution time was selected from 14-24 min in all GPC graphs.

2.2.4. Phase diagram or inverse flow method

The sol-gel transition of block copolymers under study in water was examined by the inverse flow
method at a polymer concentration of 15 % (w/w). Each vial contained 1 mL of copolymer solution
and all samples were equilibrated at 4 °C overnight before measurement. Vials were immersed in
a water bath at 30°C and equilibrated for 15 min. If the vial content did not flow for at least 30 s
in an inverted position, the sample was considered a gel.

2.2.5. Dynamic Rheological Measurements

The viscoelastic behavior of the hydrogels at a concentration of 15 % as a function of a rise in
temperature between 10-50 °C was investigated by Discovery Hybrid Rheometer (TA instruments)
in parallel plate geometry and auto gap set mechanism with a heating rate of 1 °C/min, and angular
frequency (o) 10 rad/s. The viscosity, storage, and loss modulus of the copolymer solutions were

measured as a function of temperature.

2.2.6. Characterization of thermo-responsive self-assembly of PBCL-PEG-PBCL

The block copolymer samples (10 mg) were dissolved in 1 mL of acetone, then 10 mL of distilled
water was added to this solution dropwise. The mixture was stirred for 24 hours at room
temperature to evaporate the acetone and reach a final polymer concentration of 1 mg/mL. The
size of aggregates (intensity Z-average) as a function of a rise in temperature between 10-50 °C
was measured using MALVERN Nano-ZS90 ZETA-SIZER with a laser beam at a wavelength of

633 nm. The scattered light was detected at an angle of 173°. The heating rate was 1 °C/min.
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2.2.7. Statistical analysis

The results are reported as average + standard deviation (SD) of three independent measurements
on a single batch of polymer unless mentioned otherwise. The statistical analysis was processed
using GraphPad Prism software, version 8.3.1 (GraphPad Software Inc., La Jolla, CA, USA). The
significance of differences between results was assessed by one-way ANOVA analysis followed

by Sidak’s multiple comparison test where 0=0.05 was set as the level of significance.

2.3. Results

2.3.1. Synthesis and characterization of triblock copolymers

Block copolymers of PBCL-PEG-PBCL were synthesized by ring-opening polymerization of BCL
initiated by dihydroxy PEG without any catalyst using two methods of bulk and solution
polymerization at different polymerization times (15-17.5 hours for bulk and 17-25 h for solution
polymerization) as summarized in Table 2-1. The reaction times were chosen based on our pilot
studies that have shown relatively similar DP for the PBCL segment (based on 'H NMR data), for
the polymers produced by the two methods of polymerization at the corresponding reaction times.
The scheme for the synthesis of PBCL-PEG-PBCL triblock copolymers is shown in figure 2-1.
To optimize the solution polymerization of BCL with dihydroxy PEG using biphenyl as a solvent,
different quantities of biphenyl were used in the polymerization reaction while other parameters
such as the ratio of BCL to PEG and reaction temperature were kept constant. Optimum yield and
degree of polymerization were achieved at a biphenyl concentration of 30 wt% of the monomer
(data not shown). Therefore, 30 wt% biphenyl was selected to prepare triblock copolymers through

solution polymerization in further studies.
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Figure 2-1. Scheme for the synthesis of PBCL-PEG-PBCL triblock copolymers by bulk and solution
polymerization. n,m= 1-18, x= 33

2.3.1.1. The effect of polymerization time on the average molecular weights and molecular
weight distribution of block copolymers prepared by bulk versus solution polymerization.

Characteristics of prepared polymers are summarized in Table 2-1. In general, the yield of reaction
for solution polymerization was significantly higher than the bulk method in this study. The
polymerization time also showed a positive correlation with the DP of prepared block copolymers,

irrespective of the method of polymerization (Table 2-1).
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Table 2-1.Characteristics of synthesized PBCL-PEG-PBCL triblock copolymers (theoretical MW of
copolymers was 6030 g/mol) (n=3).

Sample! Polymerization DP? \Y P M 4 Mn(GPC) Yield Appearance

Time (h) (Da) (Da) Mn(NMR) (%) in water

at 30°C
Bis 15 10.4+0.302  4080+85 5300+85 1.3 79+6 sol
Bies 16.5 11.3£0.402 4270+£100  9900+1500 2.3 78+2 sol
B17 17 13.6£0.45> 4880+275 55000+9000 11.3 74+10 gel

Bi7s 17.5 N/A N/A N/A N/A N/A insoluble
S17 17 11.2+0.302  4200+75 6500+£570 1.5 90+5 sol
Sa1 21 12.5+£0.20¢  4500+56 13000+530 2.9 93+3 sol
S23 23 12.84£0.20%¢  4600+45 310001060 6.7 89+6 gel

0
Sas 25 N/A N/A N/A N/A N/A insoluble

"B stands for Bulk polymerization and S stands for solution polymerization. The number in the subscript
shows the reaction time in hours.

2 Degree of polymerization (DP) of PBCL block measured by 'H NMR.

3 Number average molecular weight of block copolymers measured by 'H NMR.

4Number average molecular weight of block copolymers measured by GPC.

The same superscript letters indicate no statistical significance while different letters mean statistical
difference at P<0.05.

Using bulk polymerization, increasing the polymerization time from 15 to 17 hours led to a drastic
increase in the DP of the PBCL block from 10.4 to 13.6 (approximately 3 units), on average.
However, in solution polymerization, the change was more gradual, i.e., a 6 h increase in reaction
time (from 17 to 23 h) was needed for a 2-unit increase in the average DP of the PBCL block
(Figure 2-2A). A similar trend was observed for My based on '"H NMR and GPC (Figure 2-2B &
(), indicating a more gradual increase in polymer chain growth enabling better control over
polymerization degree in the solution versus bulk polymerization. The My(GPC)/My(NMR) ratios
were always above 1, irrespective of the polymerization method, and elevated with an increase in
reaction time. Moreover, the time-dependent increase in My(GPC)/Mn(NMR) ratios was more

gradual for polymers prepared by solution polymerization (Figure 2-2D). For polymers prepared
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by bulk polymerization at 15, 16.5, and 17 h reaction times, the M, measured by GPC were 1.3,
2.3, and 11.3-fold higher than those from NMR, respectively (Table 2-1, Figure 2-2D). For
polymers prepared by solution polymerization at 17, 21, and 23 h polymerization time, the Mxus

measured by GPC were 1.5, 2.9, and 6.7-fold higher than the Mys measured by NMR.
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Figure 2-2. The effect of polymerization times on the A) Degree of polymerization; B) Mn as measured by
"H NMR; C) M» measured by GPC; and D) Mn(GPC)/Mn(NMR) for bulk and solution polymerization reactions.

The GPC elution profiles of block copolymers that could form soluble samples in THF are shown
in Figures 2-3A and B. The extracted data from GPC is summarized in Table 2-2. Irrespective of
the method of polymerization, increasing the reaction time, led to a decrease in the peak maximum

retention time of block copolymers. This implies an elevation in the hydrodynamic volume as a
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result of an increase in the molecular weight of the block copolymers. As shown in Figure 2-3C
and Table 2-2, in particular, B17, Sz1, and S>3 samples showed a distinct population of polymers
with unexpectedly larger molecular weights. The calculated weight average molecular weight
(My) for these samples were 188000, 73600, and 147900 g/mole, respectively. This was 31, 12.2,
and 24.5-fold higher than the theoretical average molecular weight for these polymers,

respectively.
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Figure 2- 3. GPC elution profile of A) block copolymers prepared by bulk polymerization at different reaction
times, i.e., B1s, B16.5, B17; B) block copolymers prepared by solution polymerization at different reaction times,
i.e., S17, S21, S23; C) Molecular weight distribution of block copolymers prepared by bulk (B1s, B1s.s, B17) and
solution polymerization (S17, S21, S23).
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Table 2-2. Characteristic of triblock copolymers under study from GPC (n=3).

Sample Peak Max M, +SD? Pv+SD" Intrinsic K @dL/g)¢ a°
Retention Time (g/mol) viscosity £ SD
in GPC (min) (dl/g)
Bis 20.4 167001100  3.1+£0.40 0.15+0.01 0.0130 0.31
Bies 16.8 305001370  3.1+0.50 0.46+0.04 0.0110 0.38
B 16.5 188000+£9000 3.4+0.24 0.48+0.10 0.0005  0.87
S17 20.3 24600+4600  3.7+0.79 0.07+0.01 0.0190 0.39
Sa1 16.8 73600+£3500 5.7+0.16 0.41+0.08 0.0002 0.76
S23 16.7 147900+£5450 4.8+0.18 0.47+0.06 0.0002  0.87
0

aWeight average molecular weight.

b Molar mass dispersity (Mw/Mn) measured by GPC.

¢ Mark-Houwink parameters.

2.3.1.2. The effect of polymerization time and method on the intrinsic viscosity of prepared block
copolymer populations.

Figure 2-4A and B show the intrinsic viscosity plots of polymer populations for samples under
study as a function of retention time and molecular weight analyzed by GPC, respectively. The
data shows the existence of a polymer population with higher-than-expected intrinsic viscosity in
polymers as defined by the marked region in Figure 2-4A. Moreover, when analyzing the changes
in the intrinsic viscosity versus molecular wight for polymer populations (Figure 2-4B), it is
evident that the Bi7, S23, and Sz polymers behave differently as these samples showed a
particularly steeper increase in their intrinsic viscosity vs molecular weight compared to Bis s, Bis,
and Si7 (Figure 2-4B).

The average intrinsic viscosity and Mark Houwink constants (o and K) for each sample are also

illustrated in Table 2-2. The data shows a positive but non-linear correlation between
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polymerization time and o, irrespective of the polymerization method. The a value is similarly

higher for the B17, S23 and S»1 polymers compared to Bis s, Bis and Si7.
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Figure 2- 4. A) An overlay of viscometer elution profiles. B) Double log plot of [n] vs Mwfrom GPC data.

2.3.2. Characterization of the aqueous solutions of prepared block copolymers

2.3.2.1. Thermo-gelation of copolymer solutions in aqueous media as measured by inverse flow
method.

Thermo-gelling behaviour of copolymers under study was investigated through the inverse flow
method. The Bi75 and S»s copolymers were insoluble in water, thus, were not studied here. All
other polymers become soluble in water at a concentration of 15 wt% at 4°C. Among the aqueous
solutions of polymers under study (Table 2-1), only Bi7 and S>3 showed gel formation at a
concentration of 15 wt% at 30°C. Other samples remained soluble in water and did not form a

visual gel at this concentration and temperature.
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2.3.2.2. Temperature-dependent viscoelastic gelation of block copolymer aqueous solutions
The changes of storage modulus (G'), loss modulus (G"), and complex viscosity (n*) as a function
of temperature for aqueous solutions of block copolymers at 15 wt% are shown in Figure 2-5. The
Bis sample showed typical behaviour of viscoelastic liquids, where both G' and G" modulus
decreased as a function of a temperature rise, while G" dominated G'. Also, the n* of these samples
decreased as a function of temperature '?°. For the Biss sample, the G', G" and n* showed a peak
between 25-40 ° C, but G" was higher than G' indicating more viscose than elastic behaviour. The
B17 sample, on the other hand, showed a distinct thermo-gelling behaviour with sol-to-gel
transitions around 27-28 °C, as evidenced by a cross over of the G' and G" graphs. The rise in
temperature above 27-28 °C, also led to an increase in the viscosity of Bi7 aqueous solutions.
Further increase in temperature in this sample, led to a decrease in viscosity and a second cross
over of the G' and G" graphs at 41 °C.

A similar trend was observed for polymers prepared by the solution polymerization at 17, 21, and
23 h polymerization time. The S17 sample showed similar behaviour to that of Bis, representative
of liquids, where both G' and G" modulus decreased with increasing temperature below 20 ° C.
For this sample, a small increase in loss and storage modulus, as well as viscosity, was recorded
between 17-25 °C, but G" dominated G' at all temperatures under study. The S»1 sample showed
similar behaviour to that of Bis.s, where the values of G', G" and n* showed a peak between 25-30
°C. Similar to Bie s, the loss modulus still dominated the storage modulus in this temperature range,
indicating the dominance of viscous behavior. The temperature range for the viscous transition
was narrower for S;; compared to Biss, however. Like Bi7, the S>3 polymer showed a true
viscoelastic sol-gel transition at 27 °C, which was reflected by a cross over of G" and G'. A second

cross over of the G' and G" graphs was recorded for this sample at 46 °C.
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hydrogels under study at 15 % wiw

2.3.2.3. Temperature-dependent self-assembly of block copolymers in aqueous solution.

Figure 2-6A shows the average size of self-assembled structures from copolymers under study at

ambient temperature (25 °C) and in water. For polymers made using bulk polymerization, the

average diameter of Bis and B¢ s aggregates in water were similar, but aggregations assembled

from Bi7 showed significantly larger sizes at room temperature. For polymers made by solution

polymerization, the S>3 polymers produced relatively larger aggregates at room temperature which

were comparable to the self-assembled structures from B17 samples. The size of aggregates from

S17 polymers was, on the other hand, similar to that of Bis.
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The change in the Z average diameter of self-assembled structures from block copolymers under
study (1 mg/mL) as a function of temperature (10-50°C) was assessed by DLS using Zeta Sizer
Nano. As shown in Figure 2-6B, there was no significant change in the size of self-assembled
structures formed by Bis and Bis s as a function of a temperature rise. The B17 sample on the other
hand showed a significant increase in the size of its aggregates at around 20 °C (Figure 2-6B).

In polymers prepared by solution polymerization, no change in the size of aggregates as a function
of a temperature rise was observed for the S17 sample. The Sz sample showed a decrease in size
between 10-15 °C and plateaued after. On the other hand, S»3 showed a thermo-responsive increase

in the size of its self-assembled structures between 20-25 °C, which was similar to that observed

for the B17 polymers.
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Figure 2-6. A) The effect of polymerization time and method on the size of self-assembled structures from block
copolymers under study at 25°C. Results are presented as Mean £ SD (n=3). Asterisks denote significant difference at
P<0.05. B) Change in the size of self assembled structures from block copolymers as a function of temperature at 1 mg/mL
polymer concentration as measured by DLS.
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4. Discussion

The development of stable, reproducible, bio-compatible, and viscoelastic thermo-reversible
hydrogels is of interest in the field of depot drug delivery and tissue engineering. In the present
study, we characterized block copolymers of PBCL-PEG-PBCL synthesized by solution versus
bulk polymerization (Figure 2-1) in detail, to define the structural characteristics of these block
copolymers that can lead to the formation of viscoelastic thermo-reversible hydrogels.

The results showed in both methods of polymerization, expanding the polymerization time, to
increase the DP, M, and viscosity of the products, as expected. The use of solution polymerization,
on the other hand, improved the controllability and yield of the reaction when compared to bulk
polymerization (Table 2-1). This was evident from the slope of increase in average DP and M;, of
polymers versus time, which was less steep for solution polymerization compared to bulk
polymerization (Figure 2-2). The observation was not surprising, since the solvent acts as a diluent
facilitating the transfer of heat in the polymerization reaction by reducing the viscosity of the
reaction mixture compared to bulk polymerization '?’. The same explanation can also be used to
describe the reason for the increase in the yield of polymerization when a biphenyl was used in the
reaction.

Interestingly, the GPC data confirmed the formation of a distinct polymer population with higher-
than-expected molecular weight (Figure 2-3) as well as intrinsic viscosity (Figure 2-4) in all
polymers under study. The proportion of this distinct population seemed to increase as a result of
an increase in reaction time. Particularly, for B17 and S»3 samples the proportion of this population
became very noticeable and significant, at around 40 % molar concentration (Figures 2-3 and 4).
The formation of long homopolymers of PBCL during the polymerization reaction, cannot explain
the distinctly high molecular weight population of block copolymer in the 10-55 KDa MW range,
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as the added quantity of the monomer to achieve a theoretical MW of ~ 6 KDa is not enough to
produce such large linear polymers (~30-55 KDa). The formation of a distinct and unexpectedly
larger molecular weight population may be attributed to the formation of a nonlinear molecular
architecture, e.g., branched and/or partially cross-linked polymer populations, in our products. The
proportion of this non-linear polymer population increased as a function of an increase in the
polymerization time. A higher-than-expected intrinsic viscosity for this polymer population is
observed in all samples under study, as well (Figure 2-4A). The higher-than-expected intrinsic
viscosity in Bi7, S21, and S23 polymers, in particular, which coincides with a significant proportion
of the large molecular weight population in these samples, may indicate the formation of partially
cross-linked polymers with a distinctly larger proportion in these samples (Figure 2-4B), rather
than branching !%. In fact, above 17 h (in the bulk polymerization) and 23 h (in the solution
polymerization), we observed the formation of solid and insoluble structures. This observation
also confirms our explanation for the formation of partially cross-linked structures in PBCL-PEG-
PBCL polymers, with particular growth in proportion in the B17 and S»3 samples. Above these time
points, it can be speculated that the growth of the cross-linked copolymer population passed the
threshold for polymer solubility in water or organic solvents and led to the formation of insoluble
polymers.

Remarkably, our further studies showed polymer samples, with at least 40 % (M/M) proportion of
this high molecular wight populations (B17 and Sz23 samples) are in fact the ones capable of forming
thermo-gelling hydrogels with enhanced viscoelastic properties (Figure 2-5). In constant angular
frequency, the crossover of the loss (G") and storage (G') moduli occurs near gel point 2.
Rheological behaviour of polymers under study showed, that only B17 and S»3 can produce thermo-

reversible hydrogels with a crossover of G’ over G". Based on GPC results, the same two samples
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are the ones showing the highest average M, (GPC)/M; (NMR) ratios deviating from their
theoretical molecular weights (Table 2-1) as well as the highest as (Table 2-2). The collection of
the above evidence, all points to the defining role of a higher-than-expected molecular weight
population in PBCL-PEG-PBCL polymers in the formation of viscoelastic thermo-reversible
hydrogels.

Our results also indicated the more gradual pace in the formation of this high molecular weight
polymer population, by the solution polymerization. This is particularly indicated by a sharp
change in the viscosity profiles of Bigs versus Bi7 samples (only 30 minutes difference in
polymerization time) compared to a more gradual profile change for S»; and S»3 samples (2h
difference in polymerization reaction) (Figure 2-4B). In general, the solution polymerization seems
to be a preferred choice for the preparation of polymers under study as it provides an opportunity
for better control of reaction outcome avoiding sharp changes in polymer characteristics. This
sharp change in polymer characters coincides with the sudden growth of the high-molecular weight
polymer population, within a short reaction time.

In line with the above explanations, we found polymers with thermo-responsive properties (B17
and S»3) to self-assemble to aggregates of higher diameter compared to other polymers under study.
The size of aggregates formed from block copolymers is determined by their molecular weight
and/or aggregation number '*°. Here, the B17 and S»3 with significantly higher molecular weight
compared to other polymers, self-assembled into particles with a diameter of around 350 nm at
ambient temperature. This might reflect larger hydrophobic structures due to branching or cross-
linking of the PBCL segment, but further studies are required to elucidate the actual mechanism

behind this observation.
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In compliance with the result of rheological studies, only two polymers, Bi7 and S»3, showed a
thermo-responsive increase in the size of their self-assembled structures. Interestingly, the
temperature for this transition, coincided with their sol to gel transition temperatures. This may
imply a temperature-triggered self-association of polymers with branched and/or partially cross-
linked PBCL as the mechanism inducing thermo-reversible gelation of PBCL-PEG-PBCL triblock
copolymers in water.

To the best of our knowledge, this is the first report on the role of a higher-than-expected molecular
weight polymer population on the formation of thermo-reversible viscoelastic hydrogels based on
PEG and PBCL synthesized by bulk vs solution polymerization methods. The evidence from the
detailed characterization of polymers and hydrogels under study, strongly points to the formation
of partially cross-linked or branched populations in PBCL-PEG-PBCL polymers, to be responsible
for the formation of this high molecular weight population. However, further studies are required
to characterize the chemical structure of this population better. We propose a nucleophilic acyl
substitution reaction between the hydroxyl group of PEGs (particularly those at a shorter molecular
weight in the PEG population) and benzyl carboxylate pendant groups on the polymer backbone
(Figure 2-7) to explain the mechanism for the partial cross-linking or branching of the polymer.
Although the potential for the existence of cross-linking impurities in the monomer or role of
hydroxyl terminated PBCL containing polymers as potential branching reactants and/or cross-
linkers cannot be ruled out and needs further investigations.

Previous studies have shown gel formation through chemical cross-linking of poly(ester)s where
the end groups in the poly(ester) block have been modified with functional groups such as acryloyl
groups !, In the current study, the cross-linking is assumed to be extended through unique

electrophilic sites in PBCL-PEG-PBCL which are the ester pendant groups in the PBCL blocks.
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Poly(ethylene glycol) with hydroxyl groups at both ends can only react and act as a cross linker
for PCLs containing substituents with good leaving groups (such as benzyl carboxylate in the case
of PBCL-PEG-PBCL as shown in Figure 2-7). We found a similar strategy in the literature where
a ketoxime linkage as a crosslinker was used to make a gel with keto groups in the
polycaprolactone chain '*2. We have also reported on cross-linking of PEO-PCL with propargyl
carboxylate pendent groups using diazide PEG as a cross-linker in a previous manuscript but did
not conduct GPC studies on the prepared polymers in THF nor studied the formation of hydrogels
from these materials '**. In another study development of PCLs with pendent a-allyl carboxylate

groups has been reported to form thermo-responsive hydrogels upon photo cross-linking '**.
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Figure 2-7. Proposed mechanism for the formation of cross-links between PBCL-PEG-PBCL polymer
chains.
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5. Conclusion

Our results showed the PBCL-PEG-PBCL can be synthesized through both bulk and solution ring
opening polymerization, although the solution method of polymerization was proved to provide a
better opportunity to control the chain growth during the process. We have provided evidence for
the formation of a higher-than-expected molecular weight population with distinctly high intrinsic
viscosity in PBCL-PEG-PBCL structure in both polymerization methods, in their GPC profiles.
Interestingly the thermo-reversible formation of viscoelastic gels in aqueous media was only
observed in polymer samples with around 40 mol % of this population, i.e., Bi7 and S>3. In polymer
samples with a lower level of high-molecular weight population, viscoelastic gel formation as a
function of a temperature rise was not observed. The data have indicated the defining role of this
higher-than-expected molecular weight population (which was perhaps formed through partial
cross-linking or branching of the PBCL part during polymerization reaction) in the formation of

viscoelastic thermo-reversible hydrogels from PBCL-PEG-PBCL block copolymers.
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Chapter 3. Cross-linking of triblock copolymers of functionalized
poly(caprolactone) and poly (ethylene glycol): The effect on the formation of

viscoelastic thermo-gels
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3.1. Introduction

Thermo-gelling polymers make flowable solutions in aqueous media below their transition
temperature but turn to a semisolid gel upon an increase in temperature >3, Biodegradable
thermo-gelling polymers have been the focus of much attention for a variety of biomedical

applications '*¢ including use in a depot or stimulus-responsive drug delivery >*37-106137-141 tisqye

100,131,142-147 103

engineering , prevention of post-operative tissue adhesion and biomaterials for
endoscopic submucosal dissection %, Gelation in thermo-reversible polymers is commonly
induced by non-covalent and usually hydrophobic interactions of polymer chains and/or
aggregation of their self-assembled structures '°719%!117 " Chemical gels can also be produced
through the covalent cross-linking of the polymers, but chemical gelation is usually irreversible.
Chemical gels are, however, usually more elastic, and robust than those formed through the
physical interaction of polymer chains. Physical gelation, on the other hand, is commonly
reversible, leading to the formation of more flexible and deformable gels. Structures that combine
controlled levels of covalent cross-linking and some degree of noncovalent interactions may utilize
the advantages of both groups of gels, i.e., show reversible gelation while producing more robust
viscoelastic gels 319,

Polyester-based thermo-gels have great prospects for application in the biomedical field due to
their biodegradability and biocompatibility. In this chemical category, block copolymers of
poly(D,L-lactide-co-glycolide)-b-poly(ethylene glycol)-b-poly(D,L-lactide-co-glycolide)
(PLGA-PEG-PLGA), known as ReGel® '° and poly(e-caprolactone)-b-poly(ethylene glycol)-b-

poly(e-caprolactone) (PCL-PEG-PCL) are reported to exhibit reversible sol-gel transition around

the physiological temperature in aqueous media '>. Block copolymer characteristics such as their
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14,114,115,150,151

hydrophilic/hydrophobic balance , molecular weight, and molar-mass dispersity

112,113,124 35 well as the chemical structure of copolymers 11911 are reported to affect the thermo-
responsive gelation and viscoelastic properties of produced hydrogels. However, reports on the
development of partially cross-linked polymers and the role of cross-link density on the production
of thermo-gelling polymers are scarce in the literature 152,

One of the few studies on this subject has been conducted recently by Amirova et al. who
synthesized partially cross-linked poly-2-isopropyl-2-oxazoline combining the properties of
physical and chemical gels. They found that the synthesized product is bimodal and consists of
linear and cross-linked components. Despite the lower proportion of partially cross-linked
components, this population dominated the thermo-responsive behaviour and the rheology of the
copolymer in aqueous solutions 8, In a separate study, the same group investigated the effect of
crosslinking density on thermo-gelling behaviour and conformational properties of partially cross-
linked branched polyethyleneimine (PEI) containing a 2-isopropyl-2-oxazoline unit and
discovered a negative correlation between cross-linking mole fraction and lower critical solution
temperature (LCST) of the product °2,

Our research group has previously reported on the synthesis of triblock copolymers based on
poly(ethylene glycol) as hydrophilic middle blocks and poly(a-benzyl carboxylate-g-caprolactone)
as the hydrophobic lateral blocks (abbreviated as PBCL-PEG-PBCL) *+120:153.154,

We have recently reported on the defining role of a high molecular weight population in block
copolymers PBCL-PEG-PBCL on the formation of thermo-reversible hydrogels (or thermo-gels)
with improved viscoelastic properties. The formation of this high molecular weight population was

hypothesized to be due to the partial cross-linking or branching of the PBCL-PEG-PBCL structure
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by PEG or potential impurities acting as cross-linker, in the reactants during BCL polymerization
154 " Chemical cross-linking of the triblock copolymer can improve the viscoelastic properties of
the hydrogels but may restrict the responsiveness of the material to external stimuli such as changes
in temperature. A controlled degree of cross-linking for the polymers with appropriate cross-
linkers may be used to introduce viscoelasticity to the hydrogel without negatively affecting the
physical gelation of the product in response to external stimuli. In the current study, we
investigated the validity of this hypothesis through the application of different cross-linkers
containing nucleophilic functional groups, including polycaprolactone triol (PCL-triol),
trimethylolpropane (TMP) ethoxylate or PEG (200 or 400 Da), following the ring-opening
polymerization of purified BCL with PEG. Produced products were then characterized for their
molecular weight and molecular weight dispersity by GPC. The effect of the cross-linker and its
concentration in the synthesis procedure on the thermo-responsive behaviour and rheology of the
bimodal polymer population was investigated. This investigation shed light on the required
conditions for the synthesis of partially cross-linked PBCL-PEO-PBCL structures forming

reproducible viscoelastic thermo-hydrogels.

3.2. Experimental

3.2.1. Materials

Extra pure a-benzyl carboxylate-e-caprolactone (BCL) was synthesized by Alberta Research
Chemicals Inc (ARCI), Edmonton, Canada. Purification of BCL was accomplished through serial
column purifications via dichloromethane and ethyl acetate/hexane system. Then trituration was
carried out with hexane and heptane several times to get white, solid, and extra pure powder of

BCL. Dihydroxy PEG (MW = 200, 400, and 1450 Da), polycaprolactone triol (M,=300 Da),
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trimethylolpropane ethoxylate (M,=170 Da), and solvents such as tetrahydrofuran (THF),
dichloromethane (DCM), and hexane (chemical reagent grade) were purchased from Sigma-

Aldrich (St. Louis, MO).

3.2.2. Synthesis of triblock copolymers

Synthesis of triblock copolymer (ABA) was accomplished through ring-opening polymerization
of pure BCL by PEG as described in our previous publication . In brief, the first BCL (0.6 g)
and PEG (0.19 g) were dehydrated in a vacuum oven at 70°C for 3h. The polymerization reaction
was conducted at 160 °C in an ampule sealed under a vacuum for 10-40 h according to conditions
described in Table 3.1. Prepared triblock copolymers were purified by dissolving the products in
tetrahydrofuran (THF), followed by precipitation using anhydrous ethyl ether. The sediment was
dried under a vacuum for 24 h.

3.2.3. Cross-linking of triblock copolymers by different polyols

Low molecular weight PEGs, i.e., dihydroxy PEG200 and 400 Da, PCL-triol, or TMP ethoxylate
were used as cross-linker for the prepared triblock copolymers. In this procedure, bulk
polymerization of the pure monomer by PEG (Mw = 1450 Da) was accomplished at 160°C for 23h
as described before. This was followed by the purification of polymers by THF-ethyl ether.
Different molar ratios of BCL units in the block copolymer to cross-linker (as summarized in
Tables 3-2 and 3-3) were dissolved in 500 pL of dichloromethane and added into a break-seal
ampule containing 500 mg of triblock polymer solution in 500 puL dichloromethane. The ampule
was kept in a vacuum oven at 50°C for 2 h and at ambient temperature overnight to evaporate
DCM. After, the ampule was sealed again under vacuum and left for 4h at 160°C in the oven for

the nucleophilic reaction of the cross-linker with the PBCL backbone to proceed. Prepared
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copolymers were purified by dissolving the product in THF and precipitation using anhydrous

ethyl ether. The final product was dried under a vacuum for 24h (Figure 3-1).

3.2.4. Characterization of triblock copolymers and hydrogels

Nuclear Magnetic Resonance (NMR) spectroscopy. Polymers were dissolved in CDCI3 at a
concentration of 5 mg/mL, then I1H NMR spectra were recorded using a Bruker Avance III HD
600 MHz. The degree of polymerization (DP) and number of average molecular weight (Mn) of
block copolymers were calculated by comparing the area under the peak of methylene protons of
the PEG block (CH2CH20O-, 6=3.65 ppm) to the methylene protons of the PBCL backbone (-
OCH2-, 6= 4.1 ppm). The Mn of the PEG block was considered as 1450 g/mol for these
calculations.

Gel permeation chromatography (GPC). Agilent 1260 Infinity II Multi-Detector GPC/SEC
system with 3 detectors (Refractive index (RI), light scatter (LS), and viscometer (VS)) was used
to obtain data on the peak maximum retention time (PMRT), average molecular weights (Mw) and
molar-mass dispersity (Pwm) of the prepared block copolymers. The GPC instrument was equipped
with 2 columns (styragel HR2 and styragel HR 4E from waters company) and calibrated with a set
of polystyrene standards covering a molecular weight range of 160-200,000 g/mol. Samples (5-10
mg/mL) were prepared in THF (HPLC grade) and filtered with a nylon syringe filter (pore
size:0.45 pm). Then 200 pL of samples were injected into GPC which was operated at a THF flow
rate of 0.7 mL/min at 35 °C. The elution time for all polymers was 30 min. During this time, the
GPC chromatogram came back to the baseline but for clarity of presentation, elution time was

selected from 14-24 min in all GPC graphs.
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Phase diagram by inverse flow method. The gelation behavior was evaluated by the inverse flow
method at a concentration of 150 mg/mL of polymer in water. The vial containing 1 mL of
copolymer solution was equilibrated at 4 °C overnight before the test. Then the vial was immersed
in a water bath at 30°C and equilibrated for 15 min. If the content of the vial did not flow for 30 s,
the sample was considered a gel.

Rheological testing. The rheology test was performed on a Discovery Hybrid Rheometer (TA
instruments) in parallel plate geometry with a diameter of 40 mm and an auto gap set mechanism.
The copolymer solutions in water (concentration 15 wt%) were prepared and equilibrated at 4 °C
overnight. A temperature ramp test was performed to investigate the viscoelastic property changes
of hydrogels as a function of an increase in temperature. For temperature ramp, the test was
conducted at a strain of 2% (within their linear viscoelastic regions (LVR)), angular frequency (®)

of 10 rad/s, and heating rate of 1 °C/min from 10 to 50°C.

3.2.5. Characterization of the self-assembly of copolymers by DLS

The self-assembly of copolymers was characterized using MALVERN Nano-ZS90 ZETA-
SIZER (Malvern Instruments Ltd, Malvern, UK). For sample preparation, 10 mg of the
copolymer sample was dissolved in 1 mL of acetone then 10 mL of distilled water was
added to this solution dropwise. The mixture was stirred for 24 hours at room temperature
to evaporate acetone. The diameter of self-assembled structures was determined with
Zetasizer Nano equipped laser at a wavelength of 633 nm using the intensity function. The

scattered light was detected at an angle of 173°.
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Figure 3-1. Synthesis scheme and proposed models for the preparation of partially cross-linked PBCL-PEG-
PBCL copolymers. Depending on the availability and access of the cross-linker to the functional groups on the
polymer back bone, the polyol cross linker may react with one, two or, at most, three functional groups leading
to branching or cross-linking of the structures by the polyol cross-linker. n, m=1-18, x=33
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3.3 Results and discussion

3.3.1. The effect of polymerization time on the molecular weight and molar-mass dispersity
of block copolymers synthesized using purified BCL.

As a potential source for the accidental cross-linking in the polymerization of BCL by PEG was
the impurities in the monomer, here, we used purified BCL. Polymerization of purified BCL is
initiated by PEG (1450 Da) at different polymerization times (10-40 hours) (Table 3-1). The
reaction times were chosen based on the results of our previous study '**. As shown in Figures 3-
2A & B, the increase in the reaction times showed a positive and linear correlation with the M, (as
measured by '"H NMR and GPC respectively) of the prepared copolymers. However, even at the
maximum reaction time (40 h), DP and My,(NMR) of the product (8.3 and 3508, respectively)
(Table 3-1 ) were significantly lower than that the expected theoretical values (18 and 6000 g/mol
for DP and Mn, respectively). In the current study, the calculated weight average molecular weight
(M) for Bao, was 8866 g/mol. This was only 1.5-fold higher than the theoretical average molecular
weight for this sample. This indicates the linear growth of the PBCL chain over time and the
absence of any significant proportion of branched/crosslinked structure in the product. In line with
this explanation, the highest M, (GPC)/M, (NMR) ratio measured for PBCL-PEG-PBCL polymers
prepared using purified BCL was 1.50 (Table 3-1) however, based on our previous report '3, the
formation of thermo-reversible gels in aqueous media for the synthesized PBCL-PEG-PBCLs was

only observed in polymer samples with M, (GPC)/M, (NMR) > 6.
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Table 3-1. Characteristic of copolymers synthesized using ring-opening polymerization of purified BCL by
PEG 1450 Da at different reaction times. The theoretical MW of copolymers was 6000 g/mol.

Sample* | DP® | M, (Da)* | M, (Da)? | M,(GPC)/M,(NMR) My Pum Appearance
(g/mol) in water at
30°C
Bio 2.6 2095 2440 1.16 3433 1.41 Sol
Bi7 4 2442 2720 1.11 3994 1.47 Sol
B2 6.5 3062 3751 1.23 6104 1.62 Sol
Bso 7.2 3236 4747 1.47 7813 1.65 Sol
Bao 8.3 3508 5285 1.50 8866 1.68 Sol

a B stands for Bulk polymerization and the number in the subscript shows the reaction time in hours.
b Degree of polymerization (DP) of PBCL block measured by "H NMR.

¢ Number average molecular weight of block copolymers measured by "H NMR.

d Number average molecular weight of block copolymers measured by GPC.
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Figure 3- 2. The effect of polymerization reaction times on the A) Mn» measured by '"H NMR  B) Mn measured by GPC
(dashed line in figures show linear trendline ).

By increasing the polymerization time, the GPC elution profiles of synthesized copolymers (Figure
3-3A) showed a decrease in the peak's maximum retention time reflecting an increase in the
molecular weights of copolymers. The molecular weight distribution (MWD) of polymers
resulting from GPC chromatograms (Figure 3-3B) revealed a similar general shape for all
polymers under study, but the weight fraction of the lower molar mass chains slightly decreased
as the reaction time progressed. By increasing the polymerization time, the MWD graph of samples
skewed to the higher molecular weight area, leading to an increase in the polydispersity index (Pwm)

(Table 3-1). All the PBCL-PEG-PBCL polymers prepared using the pure monomer (B1o-Bao) were
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water-soluble at a concentration of 15 wt% and 30°C and did not form a visual gel under this
condition, as judged by the inverse flow method (Table 3-1). The collection of the above evidence
indicated bulk polymerization of extra pure BCL initiated PEG even in high polymerization time
lacked the higher-than-expected molecular weight population observed for the impure BCL in our

previous study '**, thus, did not produce thermo-reversible hydrogels in water.
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Figure 3-3. A GPC elution profile of copolymers prepared at different reaction times.
B) Molecular weight distribution of copolymers under study.

3.3.2. The effect of cross-linker on the characteristics and physical gelation of copolymers.

To investigate the effect of cross-linkers on the characteristics of produced polymers
thermo-gel formation, a B23 sample, with a middle MW among synthesized copolymers
was selected. covalent cross-linking of the PBCL-PEG-PBCL was chosen to assess the potential
of this approach in producing a reproducible process for the formation of a viscoelastic thermo-
gel. For this purpose, three different cross-linkers bearing multi-functional hydroxyl groups in their
structure, i.e., PEG 400, polycaprolactone triol, and trimethylolpropane ethoxylate were used at a

cross-linker; monomer molar ratio of 4:10.
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Table 3-2 shows characteristics of chemically cross-linked B,s by different cross-linkers. "H NMR
spectra of the products showed similar DP and M, for the products of B3 reaction with either of
the three cross-linkers. Data from GPC showed M,, My, and Pm of the products to be similar,
irrespective of the type of cross-linker used, as well. The M,(GPC)/Mn(NMR) ratio was 1.23 for
the starting B3 polymer. Hence, B»s was considered a linear copolymer. The ratio of
Mn(GPC)/Mn(NMR) for Bas after reaction with either of the three cross-linkers was shown around
8.5 which was around 7 folds larger than that of linear B»3. This implied success in partial cross-
linking of PBCL-PEG-PBCL irrespective of the cross-linker type. The proposed mechanism for
the reaction between the polyol cross-linkers and the PBCL backbone is shown in Figure 3-1. A
nucleophilic acyl substitution reaction between the benzyl carboxylate pendant group of the
polymer backbone and the hydroxyl groups of cross-linkers was assumed to take place in the
reaction.

Although the Mn(GPC)/My(NMR) ratio for the products of PCL-triol and TMP ethoxylate cross-
linkers implied the success of cross-linking reactions, only the product with PEG 400 as the cross-
linker showed the thermo-gelling behaviour in water at 30°C. This was observed despite similarly
high M, (GPC)/M, (NMR) ratios for polycaprolactone triol, and trimethylolpropane ethoxylate
cross-linked polymers to that of PEG400 cross-linked ones (M, (GPC)/M, (NMR) of 8.57 and
8.75 versus 8.50), implying a similar degree of cross-linking. The molecular architecture of the
final products prepared through the addition of PCL-triol and TMP cross-linkers with three
hydroxyl groups (three-point attachment to the backbone), may cause restriction in the freedom of
conformations of the polymer backbone. This can hamper the thermal gelation of the product. The
difference in the hydrophilicity of the PCL-triol and TMP versus PEG may have contributed to

this observation, as well.
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Table 3-2. Characteristic of sample cross-linked polymers prepared in the study following reaction of B2z with
different cross-linkers at a cross linker: BCL ratio of 4:10.

Cross-linker DP of M., M, M, (GPC)/M, (NMR) M., Pm Appearance
PBCL | (NMR) | (GPC) (g/mol) in water at
30°C
Polyethylene glycol 13 4670 39700 8.50 42500 1.07 gel
(400 Da)
Polycaprolactone 12 4430 38750 8.75 46300 1.19 sol
triol
Trimethylolpropane 13 4674 40065 8.57 44493 1.11 sol
ethoxylate

3.3.3. The effect of PEG molecular weight and molar ratio on the characteristic and physical
gelation of synthesized copolymers.

To further investigate the effect of cross-linker, PEGs with different molecular weights (200 and
400 Da) at different molar ratios to the BCL unit in the PBCL block were reacted with PBCL-
PEG-PBCL as detailed in Table 3-3. Assessing the characteristics of the prepared copolymers from
the 'H NMR spectra showed a similar degree of polymerization and Mn for all products (P; to P;
in Table 3-3). The GPC elution profiles of Pi-P7 in THF are shown in Figure 3-4A and related data
are summarized in Table 3-3. For the P; polymer where no cross-linker was used, the peak
maximum retention time (PMRT) was recorded at 22.20 min.

The data showed an increasing molar ratio of PEG 200:BCL unit, leading to an increasing trend in
the peak with maximum retention time (PMRT) of produced copolymers from 22.62 to 22.76 min.
In contrast, when PEG 400 was used as the cross-linker increasing the molar ratio of PEG to that
of the BCL unit, led to a decline in PMRT of product from 20.80 for Psto 17.18 for Ps and 15.86
for P7. As shown in Figure 3-4B and Table 3-3, polymers prepared using PEG 400 as a cross-

linker, at a 2:10 and 4:10 PEG: BCL molar ratio, had a distinct population with drastically
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(PEG 200 or 400 ) to monomer (theoretical MW of copolymer was 6030 g/mol).
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increased molecular weights. In these samples, the M,(GPC)/Mn(NMR) ratio abruptly raised to

6.60 and 8.98, respectively. For Ps polymer with a PEG 400:BCL molar ratio of 1:10, the

M, (GPC)/Mn(NMR) ratio (2.73) was still higher than the corresponding sample prepared using

PEG200 (1.04). Also, the calculated weight average molecular weight (Mv) for Ps, Ps, and P7 were

36023, 98050, and 185000 g/mol which is 6, 16, and 31-fold higher than the theoretical molecular

weight of these samples. Meanwhile, the Inverse flow test at 30°C for an aqueous solution of

samples under study at 15% wt concentration revealed only P7 can produce a thermo-reversible

gel.

Sample Cross- Molar ratio DP M, PMRT M, | Mu(GPC)/M, M., Appearance
linker Cross-linker/ (NMR) | (min) | (GPC) (NMR) (g/mol) | in water at
BCL unit in 30°C
B:;
P, NA NA 6 2938 22.20 | 3925 1.33 6377 Sol
P, PEG 200 1/10 6 2938 22.62 | 3067 1.04 6845 Sol
Ps3 PEG 200 2/10 6.4 | 3037 22.71 3068 1.01 7630 Sol
Py PEG 200 4/10 6.1 | 2963 22.76 | 3060 1.03 6596 Sol
Ps PEG 400 1/10 6.7 | 3112 20.80 | 8493 2.73 36023 Sol
Ps PEG 400 2/10 6 2938 17.18 | 19400 6.60 98050 Sol
P; PEG 400 4/10 6.5 | 3062 15.86 | 27500 8.98 185000 Gel
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Figure 3-4. A: GPC elution profile and B: Molecular weight distribution of copolymers after
addition of PEG 200 or PEG 400 as cross-linker at different PEG:BCL molar ratios. The
description of each polymer sample is detailed in Table 3-3.

3.3.3.1. The effect of PEG molecular weight and molar ratio on the viscoelastic properties of
copolymer aqueous solutions.

Oscillatory rheology was used to probe the temperature dependant viscoelastic properties of the
aqueous solution of P1-P7 at a concentration of 15 wt% in the temperature range of 10-50°C (Figure
3-5). In thermo-gelling materials, storage modulus (G'), loss modulus (G"), and complex viscosity
(n™*) increase proportionally as a function of temperature. When G' is over G", gelation behaviour
for the aqueous solution of the copolymer is envisioned. For viscoelastic materials, at the sol-gel
transition temperature (sol-gel), we expect G'=G". Above this temperature G' stays higher than
G". At gel-sol transition, again G'~G" and above this transition G" stays above G' '*°.

For the triblock copolymer synthesized without the addition of any crosslinker (P1), G', G" and
n* showed a peak around 20°C. The peak maximum for the G' and G" was 0.50 and 0.76 Pa,
respectively and there was no cross over of G' and G" for this sample. Polymers synthesized using
PEG 200 as cross-linker (P2, P3, and P4) had moduli below 1Pa. Also, the rise in temperature above
40 °C led to an increase in G', G" and n* while G" was higher than G' at all temperatures under
study. On the other hand, polymers that were reacted with PEG 400 had higher moduli. For these
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samples, a drastic change in G', G" and n* occurred at a specific temperature range. For the Ps
sample, the value of G', G" and n* showed a peak after 32 °C but loss modulus still dominated
storage modulus indicating viscose behavior for this sample. The P; sample showed sol-gel
transition at 23°C, which was reflected by a cross-over of G' and G". A gel-sol transition was
recorded at 42 °C for this polymer, reflected by a second cross-over of G' and G".

Interestingly, the P7 sample which has shown a thermo-reversible gel formation had shown a high
M, (GPC)/M; (NMR) ratio (8.50-8.98) as well (Table 3-3). The Ps sample in which PEG 400 was
used at a PEG 400/BCL ratio of 2:10 has shown a lower M, (GPC)/M, (NMR) of 6.60 (Table 3-
3) and a trend towards viscosity enhancement around 30 C (Figure 3-5) but did not show the
thermo-reversible formation of viscoelastic gels. This may reflect the importance of the degree of
cross-linking in addition to the structure of cross-linker on the viscoelastic gelation of the

constructs under study.
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solutions as a function of temperature, concentration 15 wt%, and heating rate 1 °C/min (10-50°C).

3.3.3.2 The effect of PEG molecular weight and molar ratio on temperature-dependent self-

assembly of block copolymers in aqueous solutions.

The average size of self-assembled structures for Pi-P7 samples at ambient temperature in the water
is shown in Figure 3-6A. The average size of P; aggregate in water was significantly lower than
other samples under study. The P>, P3, and P4 aggregates in water showed a similar size. For
polymers reacted with different molar ratios of PEG 400 Da, a positive correlation between the

aggregate size and the molar ratio of PEG 400: BCL was observed. Remarkably, the P7 sample
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produced significantly larger aggregates at room temperature compared to other samples under
study. Figure 3-6B shows the change in the average size of the self-assembled structure for P1-P7
as a function of temperature. There was no significant change in the size for P1-P4 by raising the
temperature from 10°C to 50 °C while Ps and Ps samples showed an increase in micellar size after
28 °C. The P7sample showed a peak around 20 °C and plateaued after. The size distribution of the
self-assembled structure of copolymers (P;- P7) is shown in Figure 3-6C. A unimodal distribution
with similar intensity was observed for Pi-Ps while Ps and Ps samples showed a bimodal
distribution with negligible intensity (< 2%) of the second peak in the size distribution graph. On
the other hand, for the P7 sample, bimodal size distribution was significant. While the first peak
with a Z-average of 32 nm has 68% intensity, the second peak with an average size of 180 nm has
32% intensity at 30 °C. This may reflect a bulkier structure for the PBCL block due to the partial
cross-linking and/or branching of the PBCL segment by PEG 400 Da, which may not be shielded
adequately by the micellar shell.

The data confirmed our hypothesis on the effect of partial cross-linking as a potential mechanism
for the formation of thermo-reversible and viscoelastic hydrogels from PBCL-PEG-PBCLs. The
results of this study can enrich our understanding of the effect of polymer architecture in

PEG/PBCL copolymers on their thermo-gelling behaviour.
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on the size of self-assembled structures from copolymers under study at 25°C. Results are presented as
Mean = SD (n=3). Asterisks denote significant difference at P<0.05. B: Change in the size of self-assembled
structures from block copolymers under study as a function of temperature at 1 mg/mL polymer
concentration as measured by DLS. C: Size distribution of self-assembled structures from block copolymers
P1-P7 at 25°C.

3.4. Conclusion

In the present study, for the first time chemically cross-linked PBCL-PEG-PBCL thermogel was
synthesized by a two-step procedure: first, ring-opening polymerization of BCL by PEG 1450 as
an initiator with low DP and MW; then cross-linking of the produced triblock copolymer by PEG
400 Da. The use of PEG 400 Da at a PEG 400/BCL ratio of 4:10 as a crosslinker for PBCL-PEG-

PBCL copolymers, was able to yield a viscoelastic thermo-reversible hydrogel. The data imply a
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the role of the degree of cross-linking (reflected by M, (GPC)/M, (NMR) ratio) as well as the
chemical structure of the cross-linker on the formation of thermo-reversible and viscoelastic

physical gels by the structures of under study.
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Chapter 4. Polymer characteristics leading to the formation of viscoelastic
thermogels in partially cross-linked copolymers based on benzyl

carboxylate/carboxyl substituted PCL and PEG

69



Chapter 4

4.1. Introduction

Thermo-hydrogels, defined as aqueous polymer solutions that become gel as a function of a rise
in temperature, are of interest in different biomedical fields. For use in biomedical field, thermo-
gelling polymers with sol to gel transition temperatures around the physiological range (typically

97,106,145,156-158

between 25 to 37 °C) are the subject of particular attention . This is owed to their

potential application as smart hydrogels for the delivery of pharmaceuticals and/or stimulus-

responsive scaffolds for tissue engineering applications *131:136.139.143,145,159

. Thermo-gelling
polymers with a poly(ester) based structure can add the benefit of biodegradability to the above
properties, providing new opportunities in the development of pharmaceutical excipients and/or

biomaterials that support in vivo tissue/cell implantation or proliferation 160162

. In this category,
copolymers of poly(ethylene glycol) (PEG) and poly(caprolactone) (PCL) as FDA-approved,
biodegradable, and biocompatible biomaterials with thermo-gelling properties have been the most

focus of a few studies 24626971,

92,163-166 For instance, Bae et al found an aqueous solution of
PCL-PEG-PCL to undergo a sol-gel transition as a function of an increase in temperature. They
found the transition temperature to be dependent on the hydrophilic/hydrophobic balance of the
polymer, and the thermal history of the copolymer aqueous solution. They also proposed that the
sol-to-gel transition to occur by micellar aggregation, whereas the gel-to-sol transition to occur by
increasing PCL molecular motion leading to micellar breakage 767,

Despite great potential, the lack of functional groups as well as the high crystallinity and
hydrophobicity of the PCL segment, has limited the use of conventional PEG/PCL hydrogels 6163,
In 2006, our research group has reported on the introduction of functional groups on

caprolactone monomer, developing a-benzyl carboxylate-e-caprolactone (BCL) and further

polymerization of this functionalized monomer through bulk ring opening polymerization (ROP)
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by methoxy poly(ethylene oxide), leading to the production of methoxy PEO-b-poly(a-benzyl

carboxylate-g-caprolactone) (PEO-b-PBCL) diblock copolymers !?!

. We have later reported on the
preparation of triblock copolymers through ring opening polymerization of BCL by dihydroxy
poly(ethylene glycol) (PEG) leading to the production of PBCL-b-PEG-b-PBCL 20153154 The
benzyl carboxylate groups on PEO-6-PBCL and PBCL-b-PEG-b-PBCL block copolymers
prepared by bulk polymerization were also reduced to carboxyl groups at different degrees, leading
to the conversion of PBCL blocks in PBCL-PEG-PBCL to poly(a-carboxyl-g-caprolactone)-co-
poly(a-benzyl carboxylate- e-caprolactone) (PCBCL). In further studies, we investigated the effect
of the solution versus bulk polymerization methods on the characteristics of PBCL-PEG-PBCL
block copolymers and gelling behaviour of produced polymers in an aqueous environment. In that
study, we provided evidence for the presence of a high molecular weight subpopulation in the
synthesized PBCL-PEG-PBCL structure. We also showed the defining role of this subpopulation
at around 40 % molar concentration in the thermo-reversible transition of aqueous solutions of
PBCL-PEG-PBCL to viscoelastic gels. The appearance of this higher-than-expected molecular
weight subpopulation was attributed to partial cross-linking or branching of the PBCL block by
nucleophilic reactants present in the polymerization procedure '**. In the present manuscript, we
used the PBCL-PEG-PBCL copolymers having this subpopulation of high molecular weight
polymers and reduced the PBCL segment using different hydrogenation reaction times (Figure 4-
1). The original partially cross-linked PBCL-PEG-PBCL (or PBCL-PEG-PBCL;.) copolymers
used in the reduction reaction were prepared through either bulk or solution polymerization
methods. The partially cross-linked (PC) copolymers based on PEG and carboxyl/benzyl

carboxylate substituted PCL blocks (abbreviated as PCBCL-PEG-PCBCLpc) were then

characterized for their average molecular weights, molecular weight distribution, conformation,
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and intrinsic viscosity. The effect of the level of carboxyl substitution on the polymer backbones,
on their transition to viscoelastic gels in water as a function of a temperature rise, was investigated.
Our results indicated that the thermo-gelling behaviour of PCBCL-PEG-PCBCL,: and their
viscoelastic properties depend on the percentage of carboxyl group substitution on the PCBCL

segment.

4.2. Experimental section

4.2.1. Materials. o-Benzyl carboxylate-e-caprolactone (BCL) was synthesized by Alberta
Research Chemicals Inc (ARCI), Edmonton, Canada based on methods reported by our group'?!.
Biphenyl (>99%), dihydroxyl-poly(ethylene glycol) (PEG) (Mw = 1450), and palladium on
activated charcoal were purchased from Sigma-Aldrich (St. Louis, MO). Other chemicals such as

Dichloromethane, Tetrahydrofuran, and hexane were chemical reagent grade and bought from

Sigma-Aldrich.

4.2.2. Synthesis of triblock copolymers:

The synthesis of copolymers was accomplished in two steps (Figure 4-1). In the first step, ring
opening polymerization of BCL as a monomer and dihydroxy polyethylene glycol (PEG) as
initiator was carried out through bulk and solution polymerization as described in our previous
publication '**. Briefly, 2.4 g of BCL and 0.76 g PEG were dried at 60 °C in a vacuum oven for 3
h. For solution polymerization, BCL, PEG, and biphenyl (30 % w/w monomer) were mixed in an
ampule and sealed under a vacuum. In bulk polymerization, only BCL and PEG, in the same
quantities, were mixed and vacuum sealed. Polymerization was conducted without any catalyst at

160°C for 14 and 23 h for bulk and solution methods, respectively. The time of polymerization
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reaction was optimized based on our previous study '** to provide sufficient time for the
appearance of the high molecular weight subpopulation in the produced polymers.

Prepared copolymers were then dissolved in dichloromethane and precipitated in hexane. The
supernatant was discarded after 24 hours. For more purification, tetrahydrofuran (THF) and
anhydrous ethyl ether were used as solvent/non-solvent systems and the above-mentioned
purification procedure was repeated three times to wash off the excess monomer and other
impurities, as much as possible. After purification, the product was dried under a vacuum for 24h.
This step led to the production of PBCL-b-PEG-b-PBCLpc copolymers.

In the second step reduction or debenzylation of PBCL-PEG-PBCLpc copolymers was performed,
which resulted in the preparation of PCBCL-b-PEG-b-PCBCLpc. This was accomplished in the
presence of hydrogen gas, palladium on activated charcoal as catalyst (10 wt.% of the polymer),
and dry THF as solvent. The reaction time in this step was changed between 20 to 120 minutes to
achieve different degrees of debenzylation on the PBCL section. The final product was centrifuged
2 times at 3000 rpm for 5 min to separate charcoal, then the supernatant was dried under vacuum

for 24 h.

4.2.3. Characterization of copolymers
Nuclear Magnetic Resonance (NMR)
Prepared block copolymers were dissolved in CDCI; at a concentration of 5 mg/mL for 'H NMR
spectroscopy using 600 MHz Bruker NMR. 'H NMR spectroscopy of copolymers was used to
calculate the degree of polymerization (DP) and number average molecular weight (M,) of PBCL-
PEG-PBCL by comparing peak intensity of PEG (-CH2CH;0O-, 6=3.65 ppm) to that of PCL

backbone (-OCH»-, &= 4.05 ppm) assuming a 1450 g/mol molecular weight for PEG. The
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percentage of reduction (i.e., debenzylation) in PCBCL-PEG-PCBCL was estimated using the

following equation.

__ (DP of PCBCL backbone)—(benzyl substitution on PCBCL )

R ion (9
eductio ( /0) (DP of PCBCL backbone)

The DP of the PCBCL backbone was calculated by comparing the area under the peak for (-CH>O-
, 0=4.1 ppm) to that of PEG (-CH2CH>0O-, 6=3.65 ppm). The number of benzyl substitutions on
PCBCL was then estimated by comparing the area under the peak for the methylene protons of the
benzyl carboxylate group (Ph-CH2-O-C=0, 6=5.15) to that for PEG (-CH2CH20O-, 6=3.65 ppm).
Gel permeation chromatography (GPC)

Prepared copolymers were characterized for their average molecular weights (MW), molar-mass
dispersity (Pwm), intrinsic viscosity, and conformation by GPC (Agilent 1260 infinity series
(Agilent, USA) with Refractive index, light scatter, and viscometer detectors) equipped with 2
columns (Styragel HR2 and styragel HR 4E from waters company, USA). The instrument was
calibrated with a set of polystyrene standards covering a molecular weight range of 160-200,000
g/mol. Samples (5-10 mg/mL) were prepared in THF (HPLC grade) and filtered with a nylon
syringe filter (pore size: 0.45 um). Then 200 pL of each sample was injected to GPC which was
operated at a THF flow rate of 0.7 mL/min at 35 °C. The elution time for all polymers was 30 min.
During this time, the GPC chromatogram came back to the baseline but for clarity of presentation,

elution time was selected from 14-24 min in all GPC graphs.

4.2.4. Dynamic rheological measurements
The viscoelasticity of the copolymer solutions in water (10 and 15 wt%) as a function of an

increase in temperature was investigated by Discovery Hybrid Rheometer (TA Instruments, USA)
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in parallel plate geometry and auto gap set mechanism. The heating rate was 1 °C/min (10-50 °C),

with an angular frequency o of 10 rad/s.

4.2.5. Phase diagram or state diagram

The sol-gel transition was examined by the inverse flow method at 10-20 % w/v of polymer
concentration in water. Each vial contained 1 mL of copolymer solution and all samples were
equilibrated at 4 °C overnight before measurements. Vials were immersed in a water bath and the
temperature was raised from 10 to 50 °C at 2°C intervals. The vials containing the above samples
were equilibrated for 15 min at each temperature. If the liquid inside the vial did not flow for at
least 30 seconds, the sample was regarded as a gel '3 .

4.2.6. Characterization of thermo-responsive self-assembly of copolymers

The effect of a rise in temperature between 10 to 50°C on the self-assembly of prepared block
copolymers was investigated using MALVERN Nano-ZS90 ZETA-SIZER (Malvern Instruments
Ltd, Malvern, UK). For sample preparation, 10 mg of the block copolymer was dissolved in 1 mL
of acetone, then 10 mL of distilled water was added to this solution dropwise. The mixture was
stirred for 24 hours at room temperature to evaporate the acetone. The micellar diameter was
determined with a zetasizer equipped laser at a wavelength of 633 nm using the intensity function.
The scattered light was detected at an angle of 173°. The Z-average of self aggregated block
copolymers was measured as a function of an increase in temperature.

4.2.7. Statistical analysis

The results are reported as average + standard deviation (SD) of three independent measurements

on a single batch of polymer unless mentioned otherwise. The statistical analysis was processed

using GraphPad Prism software, version 8.3.1 (GraphPad Software Inc., La Jolla, CA, USA). The
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significance of differences between results was assessed by one-way ANOVA analysis followed

by Sidak’s multiple comparison test where a=0.05 was set as the level of significance.

4.3. Results and discussion

Characterization of block copolymers

The PBCL-PEG-PBCL triblock copolymers were synthesized via ROP of BCL and PEG by two
methods of bulk and solution polymerization (Figure 4-1). The reaction time for the bulk and
solution methods of polymerization was selected based on the information from our previous work
at 14 and 23 h, respectively. At these reaction times, the formation of the high molecular weight
subpopulation in the polymer samples (due to partial cross linking of polymers) was expected !>,
The GPC analysis of PBCL-PEG-PBCLpc samples prepared by bulk and solution polymerization
(denoted here as Bo and So, respectively) provided evidence for the presence of this high molecular
weight population. Specifically, a 7.9 - and 9.7-fold increase in the number of average molecular
weights (Mp) as measured by GPC compared to that calculated from 'H NMR spectroscopy, was
observed for By and Sy, respectively (Table 4-1 and 4-2) pointing to the formation of cross-linked
or branched structures in the copolymer population. The purified PBCL-PEG-PBCLpc copolymers
(Boand So) were then chemically reduced (or debenzylated) using continuous hydrogenation in the
presence of palladium on activated charcoal (Figure 4-1). The degree of chemical reduction was
controlled by changing the reaction time between 0-120 min as summarized in Tables 4-1 and 4-
2. This led to the production of different PCBCL-PEG-PCBCLpc copolymers denoted as the “B”
series for polymers reduced from By (or PBCL-PEG-PBCLpc prepared by bulk ROP, Table 4-1),
and the “S” series for polymers reduced from S¢ (or PBCL-PEG-PBCLpc prepared by solution

ROP, Table 4-2).
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Figure 4-1. Scheme for the synthesis of PCBCL-PEG-PCBCLec triblock copolymers by bulk and
solution polymerization. n,m =1-18, x=33
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Table 4-1. Characteristic of PBCL-PEG-PBCLrc copolymer synthesized by bulk polymerization (Bo) and its
chemically reduced counterparts, i.e., PCBCL-PEG-PCBCLrc prepared at different reduction times.

Sample? DP" Mol Theoretical M, M, Mn(GPC) My Py | dn/de
Before | percentage MW (NMR) | (GPC) | Mn(NMR) (Da) (mL/g)

reduction | of PBCL (Da)

reduction

B0 12.7 0 5910 4620 36700 7.9 69700 |1.89 0.093
" 12.7 20 5580 4430 30800 7.0 64800 [2.10| 0.087
B40 12.6 48 5110 4000 28400 7.1 63600 |[2.241 0.082
B60 12.8 64 4843 3810 23200 6.1 60200 [2.59 0.079
B 13 80 4575 3700 19900 5.4 55400 [2.78 | 0.069

a B stands for Bulk polymerization. The number in the subscript shows the reduction reaction time in
minutes. P Degree of polymerization (DP) of PBCL block measured by 'H NMR in CDCls.

Table 4-2. Characteristic of PBCL-PEG-PBCLrc copolymer synthesized by solution polymerization (So) and
its chemically reduced counterparts, i.e, PCBCL-PEG-PCBCLpc prepared at different reduction times.

Sample® DP Mol Theoretical M., M., Mn(GPC) My PM | dn/de
Before | percentage MW (NMR) | (GPC) | Mn(NMR)| (Da) (mL/g)
reduction | of PBCL (Da)
reduction

S, 14 0 5910 4920 47600 9.7 71300 |1.50| 0.103
S,, 14.4 20 5580 4750 41230 8.7 65760 |1.59] 0.102
S 14.4 35 5328 4560 37830 8.3 62600 | 1.66| 0.100
Se 14.3 52 5043 4370 30700 7.0 56900 | 1.85| 0.094

S 14.4 72 4708 4220 21150 5.0 53300 |2.52] 0.055

120

a S stands for Solution polymerization. The number in the subscript shows the reduction reaction time in
minutes. ? Degree of polymerization (DP) of PBCL block measured by '"H NMR in CDCls.
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Upon chemical reduction of Bo, with a rise in the reaction time, the molecular weight of the
polymer (measured by 'H NMR) was reduced. A positive relatively linear correlation (1> of 0.84)
was observed between chemical reduction time and degree of debenzylation for polymers in the
“B” series (Figure 4-2A). With chemical increasing reduction time, M, and My, as measured by
GPC, declined linearly (1?=0.89 and 0.95 for M, and My, respectively) (Figure 4-2B).

A similar effect was observed for “S” series, where a positive linear relationship (r* of 0.94)
between the time of reduction and the percentage of debenzylation was noted (Figure 4-2C). The
average My and My of polymer populations in the “S” series also decreased linearly with an

increase in the debenzylation time (r*=0.98 and 0.90 for M, and My, respectively) (Figure 4-2D).
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Figure 4-2. Correlation between reduction reaction time and percentage of debenzylation as
measured by 'H NMR spectroscopy (A & C) and Mn» or Mw measured by GPC (B & D) for A and
B) PBCL-PEG-PBCLpc copolymers in the “B” series (bulk polymerization); and C and D) PBCL-
PEG-PBCLerc copolymers in the "S” series (solution polymerization).
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The linear reduction in polymer molecular weights as a function of chemical debenzylation
reaction time implies the lack of back-biting, chain- or cross-link cleavage during the reduction of
PBCL-PEG-PBCLpc under experimental conditions.

Figure 4-3A shows the GPC profile of copolymers prepared by debenzylation of By at different
levels using an RI detector. Similar to the Bo sample, the GPC elution profile of its reduced forms
is bimodal and broad, indicating a wide molecular weight distribution. The elution peak at the
lower retention time (peak 1) showed a 42% mole concentration of a large molecular weight

154 it meets the minimum

population for the Bo sample. Then based on our previous study
requirement for producing thermogel.

The RI signal intensity depends on the concentration and the refractive index increment (dn/dc),
in a concentration normalized peak, the RI signal area is an indication of the dn/dc value. It is
worth noting that dn/dc is an essential parameter associated with the MW, size, shape, and
concentration of polymers for several analytical techniques based on optical measurement '8,
Based on collected data from the GPC instrument (Table 4-1 and Figure 4-3A) in constant
temperature, with a decrease in the MW of copolymers as a result of an increase in debenzylation,
the value of dn/dc also decreased.

The molecular weight distribution (MWD) is an important factor that can affect different
characteristics of the polymers and their self-assembled structures '*#1°. The Pum was enhanced
for all PCBCL-PEG-PCBCLpc copolymers under study as the degree of debenzylation in the
polymers was raised. This happened irrespective of the PBCL-PEG-PBCLpc method of
preparation (Bo in Table 4-1 or Sp in Table 4-2). This was expected and reflected the randomness

of the debenzylation process. But, in general, the polydispersity of the chemically reduced

polymers in the B series (Table 4-1) was higher than that of the S series (Table 4-2).The By itself
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has shown higher polydispersity compared to that of So. Again, this was expected due to lower
reaction content viscosity, and higher molecular motions leading to the formation of more uniform

populations in the solution polymerization products (S series) compared to the bulk polymerization

ones (B series).
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Figure 4-3. GPC elution profile detected by RI detector for A: “B” copolymers and C: “S” copolymers , B:
Molecular weight distribution of B: “B” copolymers and D: “S”copolymers

From Figure 4-3B, it is evident that the MWD of the B12o has skewed to the lower molecular weight
area because of the high percentage of debenzylation.

The GPC profile of ’S” copolymers as detected by RI showed a bimodal shape, as well, pointing
to the presence of a partially cross-linked polymer with a 51% mole concentration of high
molecular weight population (Figure 4-3C). However, compared to the GPC profile for the “B”
polymers, the elusion profile of ’S” polymers were narrower, reflecting a lower polydispersity

81



Chapter 4

index of “S” compared to “B” polymers due to the use of solution rather than bulk polymerization
in the preparation of So (Table 4-2).

Similar to the observation for the Bi2o, the Si20 showed the lowest dn/dc and shifted to a lower
MW area in the MWD graph (Figures 4-3C and 4-3D).

The GPC profile of the “B” copolymers based on the viscometer detector response is shown in
Figure 4-4A. Again, similar to the RI response, the presence of bimodal polymer distribution is
obvious. The viscosity of polymers is related to their molar mass and interaction with solvent
through the Mark-Houwink-Sakurada (MHS) equation 772, With an increase in the
debenzylation percentage from 0 to 64 % in the “B” copolymers, the viscometer signal area
increased. But the Bi2o polymer with around 80% debenzylation showed a drastically lowered
detector response. The GPC elution profile of the “S” copolymers based on the viscometer detector
(Figure 4-4B) and extracted data from GPC (Table 4-2) disclosed the lowest viscometer detector
response and subsequently, viscosity belongs to the Si20 sample, while average intrinsic viscosity
increased by reduction time from 0 to 60 min.

The Mark-Houwink-Sakurada (MHS) equation (1) was then used to get an understanding of the
polymers’ molecular structure and conformation as related to these data. This equation explains

the correlation of intrinsic viscosity and molecular weights from the experimental data '7° :

] =kMm® (1)

log [n] =log K+a log [M]
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Figure 4-4. GPC elution profile measured by viscometer detector for A: “B” block copolymers and B:
“S”copolymers.

Where o and K are constants depending upon the polymer type, solvent, and temperature of the
viscometer detector and correspond, respectively, to the slope and intercept of the double
logarithmic plot of molecular weight versus intrinsic viscosity. While a =~ 0.5-0.8 is expected for
random coil polymers in a good solvent, a increases with an increase in the chain stiffness, and
o < 0.5 is related to the rigid sphere structure 73174,

The MHS parameters for “B” polymers are shown in Table 4-3. The exponent a value of 0.73,
0.71,0.52 and 0.51 for Bo, B2o, B4o and Bso were obtained, respectively, which confirmed that these
copolymers exist as a random coil conformation in THF at 30 °C. Whereas the exponent value for
Bi20 was 0.42. Thus, the exponent value of B120 exhibited that the conformational structure was a
spherical shape. . It is likely that at this structure carboxylic acid groups along with the C=0 groups
in the copolymer backbone attributed to creating spherical conformation due to the intermolecular
hydrogen bonds. Similar observations were made for So, S20, S40, and Seo versus Si20 in THF at
30°C (Table 4-4).

There are 2 common measurements of the molecular size based on GPC data: hydrodynamic radius

(Rn) and radius of gyration (Rg). The Ry of the sample is the radius of a hypothetical sphere that
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owns the same mass and density that is calculated for the sample based on molecular weight and
intrinsic viscosity. The relationship between Riy, M, and [n] is shown in equation 2 (Na is

Avogadro’s number).

107N 4
3

[n] M= Ry (2

Also, Rg represents the distribution of mass center in the molecule and is calculated based on the
light scatter detector response. The relationship between Ry and Ry depends on the molecular
structure. For copolymers under study R, was bigger than Rj irrespective of methods of
polymerization. The average Rnand Rg for “B” and “S” series copolymers are shown in Table 4-3
and 4-4 respectively. Similar to “B” block copolymers, in debenzylated copolymers prepared from

So, the average of Rg and Ry, increased by an increase in the degree of debenzylation in the polymer.
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Table 4-3. Characteristics of copolymers synthesized by bulk polymerization from GPC.

Sample® Mol percentage IV (dL/g) | o° KP(dL/g) Ry (nm) | Ry(nm)
of PBCL
reduction
Bo 0 0.14 0.73 4.44x10° 7.04 10.11
Bzo 20 0.15 0.71 6.68x107 7.05 10.16
B40 48 0.16 0.52 56.94x107 7.30 10.51
B60 64 0.20 0.51 85.58x107 7.46 10.75
0 80 0.17 | 042 | 331x10° 776 | 1118

a B stands for Bulk polymerization. The number in the subscript shows a reduction reaction time in minutes.
b Mark-Houwink parameters.

Table 4-4. Characteristics of copolymers synthesized by solution polymerization from GPC.

Sample* |Mol percentage IV (dL/g) | o K"(dL/g) Ry (nm) | Ry (nm)
of PBCL
reduction
So 0 0.34 0.71 30.11x10° 7.08 9.55
820 20 0.40 0.62 84.30x10° 7.11 9.59
S40 35 0.41 0.60 107.23x10°° 7.17 9.68
S60 52 0.42 0.56 157.37x107° 7.34 9.91
S, 72 026 | 047 | 20497x10° | 772 | 1042

a B stands for Bulk polymerization. The number in the subscript shows a reduction reaction time in minutes.
b Mark-Houwink parameters.
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Thermo-responsive behaviour of the aqueous solution of block copolymers
Temperature-dependant viscoelastic gelation of the aqueous solution of “B” and “S” block
copolymers under study was investigated through small amplitude oscillatory shear rheology and
vial inversion test (inverse flow method). The change of storage modulus (G'), loss modulus (G")
and complex viscosity (n*) as a function of temperature for an aqueous solution of “B” copolymers
at 10 and 15 wt% concentration is shown in Figure 4-5. B2 and B120 samples showed the behaviour
of viscoelastic liquids, where G” dominate G’ in all temperature (10-50°C) (Figure S4-1). The B,
Bao, and Beo samples, on the other hand, showed a distinct thermo-gelling behaviour with the sol-
to-gel transition around 34, 24, and 27°C respectively, at 10 Wt%, as evidenced by the crossover
of the G’ and G” graphs and drastic increase in n* graph (Figure 4-5A).

Subsequently, we increased the concentration of Bo, B4o, and Beo solution to 15 wt% (Figure 4-5B)
and noticed thermo-reversible sol-gel behaviour for these samples where the transition
temperatures were lowered to 23, 17, and 19°C, respectively. The lowered transition temperature
can be attributed to a higher chance of polymer chain interaction and/or micellar aggregation at
higher concentrations. Also, the gel window in 15wt% polymer concentration was broader
compared to 10 wt% samples. By increasing the concentration of polymer solution, moduli of
copolymers significantly increased indicating better mechanical stability of gel at this
concentration. Among B samples under study, B4o showed higher moduli and viscosity compared
to Bo and Beo (Figure 4-5B).

The temperature dependant phase transition behaviour of the aqueous solution of Bo, B4o, and Beo
at various polymer concentrations 10, 15, and 20 wt%) determined by the inverse flow method is
shown in Figure 4-5C. The Bo at 10 wt% polymer concentration formed gel at 34°C (lower

transition temperature), as the temperature raised to 36°C, a turbid solution was achieved (upper
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transition temperature). By raising polymer concentration from 10 to 15 and 20 wt%, the lower

transition temperate declined from 34°C to 30 and 25°C respectively. On the other hand, upper

transition temperature for Bo increased to 38 and 40°C by elevating polymer concentration. Similar

behaviour was observed for Bso and Beo where the gel window became broader by increasing of

polymer concentration.
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The thermo-responsive behaviour of “S” copolymers at different concentrations is shown in Figure
4-6. The So sample had very low sol-to-gel transition (around 10°C ) at all concentrations under
study (where G’ dominate G"). For the So, at 15% polymer concentration, a sol-to-gel transition
around 12°C and gel-to-sol transition around 40°C were noted (Figure 4-6B). The S»o polymer did
not show thermo-gelling behaviour at different concentrations under study. There was the cross-
over of G' and G" modulus at 10 wt% for S0, but there was no rise in n* for this sample (Figure
S4-2). Rheology test revealed S4o has a sol-to-gel transition temperature of 24°C and 22°C at 10
and 15wt% respectively, while the inverse flow method showed a higher transition temperature
for this sample (36°C and 34°C for 10 and 15 wt%, respectively). The inverse flow method showed
the Seo sample to have lower transition temperatures of 22, 20, and 18°C for 10, 15, and 20 wt%
polymer concentrations, respectively. The upper transition temperature for Seo was 32, 37, and
38°C at the above concentrations, respectively, which confirmed the rheology results. Although
S120 showed the peak at around 16°C for 10wt%, this sample didn’t show thermo-reversible

behaviour in concentration under study based on the inverse flow test (Figure S4-2).
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Figure 4-6. Viscoelastic behaviour of “S” copolymers aqueous solutions as a function of temperature at a
heating rate 1 °C/min (10-50°C) for A. 10 wt% and B. 15 wt% polymer concentration C: State diagram of
Sol-gel transition for “S” copolymer aqueous solution at concentration 10, 15, 20 mg/mL.

All copolymers under study (B and S series) can be self-assembled at ambient temperature in
water. Figure 4-7 shows the negative correlation between the aggregate size and percentage of
debenzylation or reduction time regardless of the method of polymerization. Indeed, by increasing
the debenzylation time from 0 to 120 min for the “B” series, the aggregate size decreased gradually
from 136 nm to 68.5 nm, this increment is more significant for the “S” series while the aggregate

size of Sp (295 nm) was declined to 68.5 nm for Si2o.
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While all copolymers under study can self-assemble into micelle in water, reverse thermo-gelling
is complicated and puzzling for these copolymers. The mechanism of reversible sol-gel transition
in copolymers is still unknown. Further investigation is required to define the mechanism of
thermo-gelation in these polymers which may include micelle aggregation, micelle bridging and
more recently percolated micelle network ***!. In this study, we speculated gelation of copolymers
in water follow the percolated micelle network model: at low temperatures, the copolymers can
self-assemble to micelles with core-corona structure, by increasing the temperature, the corona of
micelles collapses due to reverse thermo-sensitivity of PEG !%; if the corona becomes sufficiently
thin, might not cover the hydrophobic core and forming semi-bare or semi-bald micelles. Owing
to the hydrophobicity of the micellar core, hydrophobic interaction occurs which promotes
aggregation of micelles. To explain the gelation behaviour of various copolymers under study, we
focus on specifications of the hydrophobic part since the molecular weight of PEG (1450 Da) as

the middle block of triblock is constant for all polymer under study.
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4.4 Conclusions

The results of this study showed that the percentage of debenzylation in partially cross-linked
PCBCL-PEG-PCBCL copolymers to affect the thermo-gelation of ageous solution of these

samples. Copolymers with 35-60 % debenzylation, showed thermoreversible behaviour.
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Chapter 5. Preparation and characterization of lipocells, liposomes encapsulating

polymeric micelles, as a promising new nano-drug delivery system
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5.1. Introduction

Liposomes are self-assembled phospholipids formed from natural or synthetic lipids that can be
used for drug delivery. Liposomes have several advantages over other carrier systems such as
biocompatibility, ability to carry hydrophilic and hydrophobic drugs, and transport ability via cell
membrane '°7'77. However, liposomes have a short half-life, low stability, poor encapsulation
efficiency for some drugs, and fast leakage specially for hydrophilic drugs!”>!’8. Besides, the
opportunity for chemical manipulation of lipids for different needs is lower than polymers.
Polymeric micelles are another class of nanocarriers used for drug solubilization and targeting.
Hybrid nanocarriers formed by liposomal coating of polymer based nanoparticles have been

179-182 "and siRNA!831% These new nanodelivery system

investigated for delivery small molecules
possess the complementary advantages of polymeric nanoparticles and liposomes'®’.

Using copolymers incorporated liposomes can improve physicochemical stability of liposomes,
provide stimuli-responsive properties for liposomes, avoid “burst release” of drugs and provide a
versatile targeting platform!””-1%,

In 2005, Huang et al developed a new drug carrier by using liposomes encapsulating the chitosan
nanoparticles loaded with a model drug Fluorescein sodium (FS) for improved drug encapsulation.
They showed liposome-encapsulating chitosan nanoparticles are more stable and have a slower in
vitro release rate compared to chitosan nanoparticles or liposomes alone. The FS in liposome-
encapsulating chitosan nanoparticles administered to rats exhibited prolonged circulation and
higher bioavailability than FS in chitosan nanoparticles '*’.

In 2013, Wang et al, for the first-time developed poly (acrylic acid) hydrogel in a liposome

(lipogel) as a promising drug delivery vehicle for active encapsulation of the anticancer drug (17-

DMAPG). They demonstrated that a pH gradient and electrostatic interactions between a cationic
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drug and anionic gel in the liposomal core were critical for the active encapsulation of 17-DMAPG.
Also in vitro cell culture studies revealed lipogel did not exert cytotoxicity on the cells ',
Examples on the incorporation of block copolymers capable of forming polymeric micelles in
liposomes are scarce in the literature. In 2015, Zhang et al developed a lipid-polymer carrier
consisting of PCL-PEG-PCL amphiphilic copolymer as a core and folate modified shell of DSPE-
PEG2000 for targeted delivery of paclitaxel. In EMT6 breast tumor model, intratumoral
administration of PTX-loaded folate modified lipid-shell and polymer-core nanoparticles showed
similar antitumor efficacy but lower toxicity compared to Taxol® ¥,

We have reported on the synthesis and characterization of thermo-responsive triblock copolymer
using polymerization of a-benzyl carboxylate-g-caprolactone (BCL) by dihydroxy poly (ethylene
glycol) (PEG) leading to the production of PBCL-5-PEG-5-PBCL 53134 In the present study, we
explore the potential for the encapsulation of partially debenzylated PBCL-PEG-PBCL block
copolymer in liposomes. Triblock copolymer of poly(a-carboxyl-co-benzyl carboxylate-e-
caprolactone)-b-poly(ethylene glycol)-b-poly(a-carboxyl-co-benzyl carboxylate-e- caprolactone)
(PCBCL-PEG-PCBCL) were prepared and characterized for their molecular weight and
polydispersity by 'H NMR and gel permeation chromatography (GPC), respectively. Rheological
methods and differential scanning calorimetry (DSC) were used to measure the gelling temperature
of block copolymer solution. The triblock copolymer was labeled with Doxorubicin (DOX), as a
fluorescent tag, through chemical conjugation of DOX to the free carboxyl group of PCBCL. This
fluorescently tagged block copolymer was then loaded in liposome via freeze-thaw method and
the resulted lipocells were purified from unloaded polymeric micelles. The encapsulation of
polymers within liposomes and the morphology of the hybrid delivery system versus pure lipid or

polymer based assemblies was then investigated by electron microscopy.
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5.2. Experimental

5.2.1. Materials

a-benzyl carboxylate-g-caprolactone (BCL) was synthesized by Alberta Research Chemicals Inc
(ARCI), Edmonton, Canada. Hydrogenated soybean phosphatidylcholine (HSPC), N-(carbonyl
methoxy polyethylene glycol 2000)-1,2-distearoyl-sn-glycero3-phosphoethanolamine sodium salt
(MPEG-DSPE) and Cholesterol were purchased from Avanti Polar Lipids.
Doxorubicin(DOX.HCL) was purchased from Hisun Pharmaceutical Co.(Zhejiang, China).
Dihydroxy PEG (MW=1450 Da), palladium coated charcoal, N,N-dicylcohexyl carbodiimide
(DCC), N-Hydroxysuccinimide (NHS), and solvents such as dimethylformamide (DMF),
tetrahydrofuran (THF), dichloromethane (DCM), and hexane (chemical reagent grade) were

purchased from Sigma-Aldrich (St. Louis, MO).

5.2.2. Methods

5.2.2.1 synthesis of PBCL-PEG-PBCL and PCBCL-PEG-PCBCL block copolymers.

The PCBCL-PEG-PCBCL block copolymer was synthesized in 2 steps (Figure 1): in the first step
ring opening polymerization of BCL using PEG as initiator was accomplished as described in our
previous publication!**. In brief 0.6 g of BCL and 0.19 g of PEG were dehydrated in a vacuum
oven at 70°C for 3h, then a polymerization reaction was conducted at 160 °C in a 10 mL ampule
sealed under vacuum for 17 h. Prepared triblock copolymers were purified by dissolving the
products in tetrahydrofuran (THF), followed by precipitation using anhydrous ethyl ether. The
sediment was dried under vacuum for 24 h. In the second step, reduction or debenzylation of
PBCL-PEG-PBCL was accomplished in the presence of hydrogen gas, palladium on activated

charcoal as catalyst (10 wt.% of the polymer), and dry THF as a solvent for 60 min. The final
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product was centrifuged 2 times at 3000 rpm for 5 min to separate charcoal, then the supernatant

was dried under vacuum for 24 h.

5.2.2.2 Characterization of triblock copolymer

Gel Permeation Chromatography (GPC). Copolymer solution was analyzed for a different type
of molecular weight, molecular weight distribution, and molar-mass dispersity (Pm) by gel
permeation chromatography (GPC). The GPC was carried out at 35 °C and equipped with 3
detectors (Refractive index (RI), light scatter (LS), and viscometer (VS)) and 2 columns (styragel
HR2 and styragel HR 4E from waters company). The instrument was calibrated with a set of
polystyrene standards and THF was used as eluent at a flow rate of 0.7 mL/min. The elution time
for all polymers was 30 min. During this time, the GPC chromatogram came back to the baseline

while for clarity of presentation, elution time was selected from 14-24 min in all GPC graphs.

Nuclear Magnetic Resonance (NMR). 'H NMR spectra were acquired by Bruker Avance 11l HD
600 MHz at room temperature using chloroform-d (CDCIl3) as solvent. The degree of
polymerization (DP) and number of average molecular weight (Mn) of block copolymers were
calculated by comparing the area under the peak of methylene protons of the PEG block
(CH2CH20-, 8=3.65 ppm) to the methylene protons of the PBCL backbone (-OCH»-, 6= 4.1 ppm).
The M, of the PEG block was considered as 1450 g/mol for these calculations. The percentage of

reduction was estimated by the following equation.

(DP of PCBCL backbone)—(benzyl substitution on PCBCL )
(DP of PCBCL backbone)

Reduction =
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Discovery Hybrid Rheometer (DHR instrument). Thermo-responsive behavior of copolymer
with 10% concentration was examined by the DHR instrument which was equipped with parallel
plate geometry and the heating rate was 1 °C/min (10-50°C), with angular frequency o as 10 rad/s.
Modulated Differential Scanning Calorimetry (MDSC). In this study thermal analysis was
accomplished with Q series TM 2000 modulated differential scanning calorimeter. An aqueous
solution of reduced triblock copolymer at a concentration of 10%wt was prepared and kept in the
refrigerator overnight. The sample was hermetically sealed. First, the sample was heated to 70°C
to remove thermal history and after 5 min ramp 10°C/min to 8°C. Heating was recorded using
modulated mode with an amplitude of 0.2°C every 30s, after isothermal for 5 min, ramp 0.5°C/min
to 10 °C. This was followed by holding the sample at 10°C for 60 minutes, and then increasing the
temperature to 70°C with the same rate under nitrogen gas. The pan filled with distilled water was

used as a reference.
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5.2.2.3 Synthesis of PCB(CL-DOX)-PEG-PCB(CL-DOX)

PCB(CL-DOX)-PEG-PCB(CL-DOX) was prepared through the conjugation of DOX as a
fluorescent probe to PCBCL-PEG-PCBCL by amide bond formation between the amino group of
DOX and free carboxyl groups on the PCBCL chain using DCC and NHS (Figure 5-1).

Briefly, DCC (82.5mg, 0.4 mmol) was added to the solution of PCBCL-PEG-PCBCL (200mg,
0.05 mmol) in 4 mL dry THF, and stirred for 20 min, then NHS (46 mg, 0.4 mmol) was added,
and the reaction mixture was left under argon gas while stirring for 3 h until precipitate (
dicyclohexylurea or DCU) was formed. The precipitate (DCU) was removed by centrifugation and
the supernatant was dried under a vacuum. The solution of DOX.HCL (8mg, 0.014 mmol) and
triethylamine (2 mg) in 10 ml dry DMF were added dropwise to the polymer solution (polymer
dissolved in 3 mL dry DMF ). The reaction proceeded for 24 h at room temperature under argon
gas away from light. The resulting solution was centrifuged to remove the precipitate then added
to 50 mL ether to remove the crude product and DMF, then freeze-dried overnight. Chemically
conjugated polymer dissolved in 3 mL toluene and vortexed for 15 min then pour in hexane. After
2h supernatant and sediment were sent for thin-layer chromatography(TLC) in presence of
methanol/ethyl acetate (3/1) as a mobile phase to confirm the absence of unbound free DOX. The
resulted polymeric-DOX conjugate in solution was finally freeze-dried for further use.

5.2.2.4 Preparation of polymer incorporated liposomes (Lipocells)

To prepare liposome, 65.6 mg HSPC, 32.8 mg cholesterol, and 4.6 mg MPEG-DSPE (with mole
ratio 2:1:0.14) were dissolved in 4 mL chloroform in a 10 mL round bottom flask. The solvent was
evaporated on a rotary evaporator under vacuum for 1h. The dry lipid film was kept in a vacuum
oven overnight, then the resulting dried lipid film was rehydrated with 1 mL distilled water. The

flask was then rotate by rotary evaporator for 1h at 65°C for the vesicles to be formed. The size of
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self assembled structures was reduced by 20 min sonication. The copolymer conjugated Dox
solution (10% w/v) was added to the liposome with vigorous shaking for 30 min. Seven freeze-
thaw cycles were done using liquid nitrogen and a water bath (65°C). Finally, the unencapsulated
polymer was separated from the liposome through size exclusion chromatography(SEC) with

sepadex LH-20 and water as eluent.

5.2.2.5 Characterization of particles

Zetasizer. A Malvern Nano-ZS90 Zeta-sizer (Malvern Instruments Ltd, Malvern, UK) was used
to measure the self-assembly of copolymers and hydrodynamic diameter of the liposome and or
liposcells at 25°C. Three measurements were made for each sample and the average data was
reported.

TEM and cryo-TEM imaging.

The morphology of the self-assembled structure for PCBCL-PEG-PCBCL triblock copolymer
solution in water, liposome, and lipocells was determined by Transmission Electron Microscopy
(TEM) (FEI Morgagni TM 268, North America Nano Port, Oregon, USA). In sample preparation,
the polymer with 10% w/w concentration was deposited on a copper grid, dried at room
temperature for 30s, and examined using TEM by negative staining with 2% PTA
(phosphotungstic acid) at 80 kV. Liposomes and lipocells were imaged by cryogenic transmission
electron microscopy (cryo-TEM). A few uL of solution samples were placed on glow-discharged
holey carbon grids and plunged frozen in liquid ethane using a Vitrobot vitrification device (FEI).
Images were recorded with a T20 microscope (FEI) at 200 kV while sample imaging was

maintained at different viewing angles.
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5.3. Results and discussion

5.3.1 Synthesis and characterization of PCBCL-PEG-PCBCL copolymer

The PCBCL-PEG-PCBCL copolymers were synthesized in 2 steps: in the first step ring, opening
polymerization (ROP) of BCL and PEG was accomplished by a bulk method in 17h. In the second
step, the synthesized copolymer (PBCL-PEG-PBCL) was debenzylated in the presence of
hydrogen gas and catalyst for 60 min. Table 5-1 shows the characteristics of synthesized
copolymers based on 'H NMR spectroscopy and GPC. The prepared PBCL-PEG-PBCL was
expected to show thermo-responsive behavior based on our previous studies. The ratio of
Man(GPC)/Mn(NMR) was 9.4. Besides, the GPC elution profile (Figure 5-2A ) and molecular weight
distribution (Figure 5-2B) of this sample showed a high molecular weight population in the
structure. Half of the benzyl carboxylate substitution in PBCL were converted to the carboxyl
group and the solution of the polymer at a concentration of 10 wt% at 30°C created a turbid gel.
The sol-gel transition of the polymer solution was investigated by rheological experiments and
DSC. The PCBCL-PEG-PCBCL solution showed thermo-gelling behavior with the sol-gel

transition around 27°C as evidenced by the crossover of G’ and G” (Figure 5-3A).

Table 5-1. Characteristic of copolymer synthesized using ring-opening polymerization of purified BCL by
PEG 1450 Da. The theoretical MW of copolymers was 6000 g/mol.

Sample DP* | DR M; ¢ M, 4 M (GPC)/Min (NMR) M. Pme Appearance in
(Da) (Da) (g/mol) water at 30°C
PCBCL-PEG-PCBCL. | 14 50% | 4270 | 40300 94 85000 1.91 Gel

a Degree of polymerization (DP) of PBCL block measured by 'H NMR. ® Degree of reduction (percentage
of PBCL debenzylation). ¢ Number average molecular weight of block copolymer measured by 'H NMR.4
Number average molecular weight of block copolymers measured by GPC. € polydispersity index (Mw/Mn).
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Figure 5-3. Dynamic rheology data for 10 wt% polymer solution for 2 cases: A storage
modulus (G'), loss modulus (G") and complex viscosity(n*) as a function of temperature
and B: G’ and G" plotted against frequency w. C: Modulated DSC thermograms of block
copolymer solution in distilled water at 10% w/w concentration.
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The polymer solution showed the properties of an elastic gel which can hold its weight in a tilted
vial (Figure 5-3B) also these visual observations were quantified by dynamic rheology through
measurement of storage and loss modulus as a function of frequency. The copolymer solution
showed gel-like behavior and the value of G’ exceeded that of G” independent of frequency.
5.3.2. Synthesis and characterization of PCB(CL-DOX)-PEG-PCB(CL-DOX)

Doxorubicin was chemically conjugated to the PCBCL-PEG-PCBCL via a covalent reaction of
the primary amine group of Dox to the carboxylic group of the PCBCL chain using DCC and NHS
as coupling agents as shown in Figure 5-1. Free and unbound Dox was separated by centrifugation
and decantation. Then successful separation and removal of free DOX was examined by Thin-
Layer Chromatography (TLC). As shown in figure 5-4, free Dox showed 2 spots, the lower part
is related to the Dox.HCL salt and the upper part shows unionized Dox. Unlike the Pol.Dox
supernatant, the sediment of Pol. Dox doesn’t have free Dox. The successful conjugation between

DOX and PCBCL-PEG-PCBCL was investigated by "THNMR spectra (Figure 5-5).

Figure 5-4. TLC of free Dox ,
supernatant, and sediment of
PCB(CL-DOX)-PEG-PCB(CL-
DOX) solution sample.
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Figure 5-5."H NMR spectrum of PCB(CL-DOX)-PEG-PCB(CL-DOX) in D20.

3.3. Characterization of lipocells

¥ T
[opm]

liposome was prepared by the thin-film hydration method, then PCB(CL-DOX)-PEG-PCB(CL-

DOX) was encapsulated in liposome through the freeze-thaw method. Finally, unencapsulated

polymers were separated by SEC. The dynamic light scattering (DLS) technique was used to

measure the hydrodynamic radius of the liposome, self-assembled structures from PCB(CL-

DOX)-PEG-PCB(CL-DOX), and PCB(CL-DOX)-PEG-PCB(CL-DOX) lipocells (Figure 5-6).

The PCB(CL-DOX)-PEG-PCB(CL-DOX) particle size distribution depicts uniform particle size

with a Z-average of 101.5 nm and PdI of 0.271 (Figure 5-6A). The size distribution of liposomes
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showed 3 peaks with average mean intensity sizes of 519.6, 88.21, and 2698 nm for peaks 1, 2,
and 3 with the intensity of 66.8, 17.3, and 15.9% respectively (Figure 5-6B). For the lipocells, the
size distribution represented 2 peaks with an average size of 401.3 and 74.47 nm and intensity of
76.4% and 24.6% (Figure 5-6C). Because the polymer peak and peak 2 of liposome have overlap,
DLS size distribution cannot prove encapsulation of polymer inside the liposome. Then we tried
to investigate encapsulation of triblock copolymer inside liposome by morphological
characterization through TEM and cryo-TEM. The TEM images of PCBCL-PEG-PCBCL show
the tendency of the copolymer for micellar aggregation (Figure 5-7A). Also, the TEM of liposome
represents the large unilamellar vesicles (LUVs) of liposome (Figure 5-7B). In the TEM images
of liposome-polymer complex (or lipocell) s, inside the liposome. There is a small spherical shape
structure that is supposed to be self-assembled structures from the Dox labeled copolymer, but we
can’t prove the copolymer is in the core of liposome or not by TEM as the co-localization of the

two structures can be an artifact of the 2-dimensional assessment by TEM.

105



Chapter 5

Sze Dtnbution by INENsmy

15 - - - R - -a- - S - - - '
A .
2w PSS 2 gl e S R
] Z Z Z Z
E S
o4
04 1 10 1000 10000
Size (r.nm}
Size (rnm): % Intensity Width (r.nm):
Z-Average (rom): 101.5 Peak 1: 137.0 100.0 57.50
Pdl: 0.271 Peak 2: 0.000 0.0 0.000
Intercept: 0.9867 Peak 3: 0.000 0.0 0.000

Result quality : Good

Size Distripution DY INBnsAy

B ‘5"'".’""':"""""":"

5 = S R W S B SOiE B B St - /- hoeo- IL i
' — / \: ] :
o i J X f :

0 : . - S A S 5 | e
o 1 10 100 1000 10000
Sira {r.nAm)

Size (rnm}: % Intensity Width {r.nm):
Z-Average (rnm): 6316 Peak 1: 5196 6E6.8 1545
Pd: 1.000 Peak 2t BB.21 17.3 2459
Intercept: 0.938 Peak 3: 2688 15.9 1557

Size Dsiributon by nensiy
g . . . [ .
Bl [}
E
1 . :Jj rII \ 1 L]
0 ;
01 1 i0 100 1000 10000
Size (r.nm)
Size (rnm): % Intensity Width (rnm):
Z-Average ([rnm): 411.6 Peak 1: 4013 ThH2 92 58
Pdl: 0948 Peak 2. T4.47 236 16.07
Intercept: 0.906 Peak 3: 0.000 0.0 0.000
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cryo-TEM is a powerful technique for the structural investigation of drug delivery systems
including liposomes. Due to the high contrast of the phospholipid bilayer, liposomes appear as
ring-shaped structures in cryo-TEM images (Figure 5-8A). In the Lipocells depending on the angle
of observation, the shape, and position of particles may be different, for example in the first row
of Figure 5-8B, there is a small spherical shape inside the liposome at 25°, but it is outside of
phospholipid bilayer in other angles (0 and -25°). However, in the last row (very bottom) and in
the middle row, presence of some particles inside vesicular structure is apparent. As the particles

is still shown inside the vesicle even after rotation of camera from -25 to +25 © angle.

Figure 5-7. TEM images of A. PCB(CL-DOX)-PEG-PCB(CL-DOX)
triblock copolymer. B: liposome and C: Lipocell. (Scale bar: 0.5um and
200 nm)
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y

Figure 5-8. Cryo-TEM images of A. liposome and B: Lipocells in different angle (from left: -25°, 0, 25°)
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4.Conclusion

Loading of triblock copolymers based on PEG and substituted polycaprolactone in liposomes was
achieved through freeze-thaw method paving the way for the preparation of

liposomes encapsulating polymeric micelles, or Lipocells.
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Chapter 6. General Discussion, Conclusion, and Future direction
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6.1. General Discussion

As a flourishing interdisciplinary field, polymer engineering facilitates the progress of many fields
including medicine. Polymers are the backbone of the drug delivery system since they offer unique
properties which are not comparable to any other material. Stimuli-responsive polymers mimic
biological systems where an external stimulus such as temperature or pH results in a change in the
properties of the polymer '*°. Stimulus responsive hydrogels made from polymers are a very
interesting class of biomaterials due to stimulus responsive swelling properties, which can offer
opening and closing of the pores in the hydrogel in response to stimuli. This property can be used
to design stimulus responsive drug delivery systems or biosensors. Currently used thermo-
responsive hydrogels have several limitations for application in biomedical fields, however. A
major bottleneck is the slow and low controllability of the gelation, particularly for most
amphiphilic copolymers. Since the mechanism for thermoresponsive gelation of the most block
copolymers is unknown, drawing a correlation between the chemical structure of copolymers and

other molecular factors such as molecular weight 12113124 block length 310, polydispersity

112,113 109,111

index , and other factors and the thermoresponsive behaviour of these materials is very
challenging.

Di and tri ABCs composed of PEG and PCL have been the subject of several studies for drug
delivery applications, *® however the lack of functional groups on PCL limited the flexibility of
this polymer for incorporation of diverse chemical entities. In 2006 Mahmud et al in our research
group reported on the synthesis of novel PEO-PCL block copolymers containing pendant
functional groups (benzyl carboxylate and /or carboxyl groups) on the PCL segment. Later Safaei

et al in 2011, synthesized triblock copolymers composed of PEG and BCL through bulk ring

opening polymerization, followed by debenzylation of the synthesized copolymer, i.e., poly(a-
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carboxyl-g-caprolactone)-co-poly(a-benzyl  carboxylate- e-caprolactone) -b-PEG-  poly(a-
carboxyl-g-caprolactone)-co-poly(a-benzyl  carboxylate- e-caprolactone) (PCBCL-b-PEG-b-
PCBCL), in the presence of hydrogen gas. This led to the preparation of copolymers with various
degrees of free a-carboxyl to a-benzyl-e-carboxylate groups on the hydrophobic block. She found
PCBCL-PEG-PCBCL with 30-50 % COOQOH-substitution on the polymeric backbone to show
thermo-responsive sol-gel transition above ~ 30 °C at polymer concentrations as low as 7.5 %. in
the next step, she investigated the potential of prepared hydrogel for the depot delivery of small
molecule peptide drug, cyclosporin A (CyA), for a potential application for dry eye syndrome.
The purpose of this thesis was to conduct a systematic study to investigate the effect of
polymerization method, molecular weight distribution, chemical or physical cross-linking, and
hydrophilic-lipophilic balance on thermo-responsive behaviour of triblock copolymer based on
PEG and BCL, to overcome the challenge of reproducibility and control of thermo-responsiveness
for hydrogels formed from PEG and functionalized PCL copolymers.

In the first chapter of the thesis (chapter 2), we focused on the optimization and control of
polymerization process for the synthesis of amphiphilic triblock copolymers based on PEG and
functionalized PCL (a-benzyl carboxylate-g-caprolactone) (PBCL), (abbreviated as PBCL-PEG-
PBCL). We intended to characterize the block copolymers of PBCL-PEG—PBCL synthesized by
solution versus bulk polymerization methods in detail. Our goal was to define the structural
characteristics of these block copolymers that can lead to the formation of viscoelastic thermo-
reversible hydrogels. Gel Permeation Chromatography (GPC) was employed for a more detailed
characterization of this novel copolymer. Our results showed using solvent (biphenyl) in solution
polymerization to improve the controllability of polymerization. Also, for the first-time we

identified the crucial role of a high molecular weight subpopulation in the prepared polymer
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structures in the formation of thermoreversible hydrogels from PBCL-PEG-PBCL. Interestingly,
the thermo-reversible formation of viscoelastic gels in aqueous media was only observed in
polymer samples with around 40 mol % of this high molecular weight subpopulation, irrespective
of the polymerization method. The evidence from the detailed characterization of polymers under
study strongly pointed to the formation of the partially cross-linked or branched population in
PBCL-PEG-PBCL polymer to be responsible for the appearance of this high molecular weight
subpopulation. The presence of free (unreacted) PEG or monomer impurities acting as nucleophilic
cross-linker, in the reaction was suggested to be responsible for the formation of this partially
cross-linked (or branched) polymer subpopulation. This hypothesis was tested in chapter 3.

In chapter 3, since a potential source in partial cross-linking of the copolymer was the impurity in
the monomer, we used an extra pure monomer and tries to assess the effect of polymerization time
on the characteristic of PBCL-PEG-PBCL copolymer prepared by the bulk polymerization (similar
to the work conducted in Chapter 2). We then investigated the thermo-gelling behaviour of
prepared polymer solutions in water. Collected data indicated bulk polymerization of pure BCL
by PEG as the initiator even after 40 h of reaction, did not produce a significant level of higher-
than-expected Mwt polymer subpopulation. The prepared polymers, therefore, did not meet the
minimum requirements (40 mol % of high molecular weight population or M, (GPC)/M» (NMR)
> 6 ) for having thermo-reversible hydrogel of PEG/BCL as identified in Chapter 2. In agreement
with our hypothesis, the PBCL-PEG-PBCL polymers prepared using the purified monomer did
not show production of the high molecular weight subpopulation and also did not form
thermoresponsive gels in water. These results implied the presence of a potential cross-linker as
an impurity in the monomer, i.e., BCL, to be responsible for the formation of thermogels from

PBCL-PEG-PBCL.
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In the next step, the role of chemical cross linking of PBCL-PEG-PBCL in the formation of
viscoelastic thermogels was examined. For this purpose, then covalent cross-linking of the lineaer
PBCL-PEG-PBCL prepared using a pure monomer, was accomplished using different polyol
cross-linkers (dihydroxy PEG 200 and 400 Da, PCL-triol, or TMP ethoxylate). A nucleophilic acyl
substitution reaction between the benzyl carboxylate pendant group of the polymer backbone and
the hydroxyl groups of cross-linkers was proposed to take place in the reaction. Although the final
copolymer products prepared using PCL-triol and TMP ethoxylate cross-linkers met the minimum
requirements for having thermo-reversible hydrogel of PEG/BCL (identified above), only the
product with PEG 400 as a cross-linker showed thermo-gelling behaviour in water. This was
confirmed using both the rheological test and inverse flow method. We attributed this observation
to the differences in the hydrophilicity and/or steric hindrance for the PCL-triol and TMP versus
PEG. PCL-triol and TMP ethoxylate with three hydroxyl groups (three-point attachment to the
backbone), may cause restriction in the freedom of conformations of the polymer backbone.

To further investigate the effect of cross-linker on the characteristics of PBCL-PEG-PBCLs and
their solution in water, we used PEGs with different molecular weights (200 and 400 Da) at
different molar ratios to the BCL segment. Results showed PEG 200 at different molar ratios can
not act as a crosslinker as the M,(GPC)/Mn(NMR) ratio for the polymers with PEG 200 remained
around 1, following reaction with PEG200. On the other hand, when PEG 400 was used as a cross-
linker, Mn(GPC)/Mn(NMR) ratio raised to 2.73, 6.60 and, 8.98 for PEG 400/BCL of 1/10. 2/10
and, 4/10 molar ratios, respectively. The use of PEG 400 Da at a PEG 400/BCL ratio of 4:10 as a
crosslinker for PBCL-PEG-PBCL copolymers, was able to yield a polymer capable of forming a

viscoelastic thermo-reversible hydrogel.
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In chapter 4, we intended to assess how hydrophilic/lipophilic balance in the partially cross-linked
triblock copolymer composed of PEG and BCL (prepared in chapter 2) can affect polymer
characteristics and formation of viscoelastic thermogels from the copolymer under study. For this
purpose, first PBCL-PEG-PBCLpc was synthesized by 2 methods of bulk and solution
polymerization, then chemically reduced using continuous hydrogen gas at 0, 20, 40, 60, and 120
min. Debenzylated polymers in each category (B and S series) were characterized and a linear
correlation was observed between reduction time and degree of debenzylation. Linear reduction in
polymer molecular weight as a function of debenzylation time shows the lack of back-biting or
cross-linking cleavage during hydrogenation of PBCL-PEG-PBCLpc. Also, Pm was enhanced as
the degree of debenzylation raised for all copolymers under study. Based on GPC data we found
reduced copolymers in “B” and “S” series exist as a random coil conformation in THF at 30 °C in
all reduction times except 120 min. The B12o and Si20 copolymers with 80 and 72-mole percentages
of PBCL reduction, exhibited spherical shape conformation in THF which may be attributed to the
intermolecular hydrogen bonds between the COOHs of a copolymer chain. Thermo-responsive
behaviour of the aqueous solution of block copolymers was investigated through small amplitude
oscillatory shear rheology and inverse flow method and determined copolymers under study at O-
, 40-, and 60-min reduction time showed reversible thermo-gelation. We found that thermogelation
of copolymers not only depends on a high molecular weight population but also depends on
hydrophilic/lipophilic balance in the copolymer segment.

After optimizing polymerization reaction and developing a more detailed understanding of the
chemical and structural features in copolymers based on PEG and functionalized caprolactone on
their thermo-responsive behaviour, we investigated the formation of new hybrid nano delivery

systems formed through encapsulation of PCBCL-PEG-PCBCL in liposomes. This hybrid nano-
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delivery system is expected to improve the flexibility of nano-carriers in the co-delivery of
hydrophobic and hydrophilic entities. First, we synthesized PBCL-PEG-PBCL pc through bulk
ROP, then purified the copolymer and subjected it to debenzylation reaction in the presence of
hydrogen gas and palladium on activated charcoal for 60 min. The PCBCL-PEG-PCBCL triblock
copolymer was then used to covalently conjugate by Doxorubicin through a DCC-NHS reaction.
Doxorubicin was used to fluorescently label the polymer so that its interaction with the liposomes
can be tracked in the Sephadex column and after. The final product after purification was
characterized and encapsulated in liposome using the freeze-thaw method. Liposomes
encapsulating the labeled polymer were then separated from the unloaded polymer by size
exclusion chromatography using a Sephadex column. Successful encapsulation of polymer inside
liposome was assessed with a transmission electron microscope (TEM) employing either a
negative staining technique or a cryogenic technique (cryo-TEM). This data provides a preliminary

and qualitative characterization of polymeric micelles encapsulated liposomes or Lipocells.

6.2. General Conclusion

Application of thermo-responsive polymeric hydrogels have been studied for many years.
However, our understanding of the mechanism of gel formation is also very limited. As such,
studies on the assessment of characteristic of copolymers leading to the formation of thermo-
responsive polymeric hydrogel is scarce in the literature. In this thesis, we tried to answer this
challenging question for thermogels made from copolymer based on PEG and a-carbon
functionalized poly(e-caprolactone). Our data implied a role for the presence of a high molecular
weight population formed through partial cross-linking or branching of the polymer back bone in

the thermo-gelling behaviour of this novel copolymer. We identified PEG 400, as a suitable cross
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linker for the formation of thermogels from PBCL-PEG-PBCL. In addition to partial cross-linking
or branching, the hydrophilicity of the polymer backbone was found to play a role in the formation
of viscoelastic thermogels in studied structures. Prepared copolymers were shown to be loaded in
liposomes, forming new nanodelivery systems termed Lipocells in this thesis, that may be used in

the future as new drug delivery systems with many advantageous features.
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6.3. Limitations and Future Directions

In this thesis, we provided a foundation for a theoretically reproducible and scalable synthesis
protocol for the preparation of block copolymers based on PEG and a-carbon functionalized
poly(e-caprolactone) capable of the formation of thermogels. A systematic study was carried out
to characterize the developed copolymers and assess chemical and structural features that can lead
to the formation of a thermo-responsive hydrogel from the prepared copolymers. However, the
scalability and reproducibility of the developed procedures have not been studied in an
experimental setting. Future studies should focus on the experimental design approaches that can
elucidate the scalability and reproducibility of PEG400 cross-linked PBCL-PEG-PBCL prepared
using pure BCL in bulk and solution polymerization techniques.

Based on our data in chapter 3, an impurity in the monomer seems to be responsible for the partial
cross-linking of the copolymer. This impurity needs to be identified and characterized in future
studies.

We conducted a systematic study on the thermo-responsive behaviour of partially cross-linked
PCBCL-PEG-PCBCL copolymer. However, based on previous studies **!2%153 this copolymer is
also pH-responsive, which was not investigated here. The effect of pH and electrolytes on the
characteristics of the above copolymers and gel formation should be investigated in the future.
While we have found the high molecular weight population and hydrophilic/lipophilic balance
affect the thermo-gelation of PCBCL-PEG-PCBCL, the mechanism of thermogelation for the
structures developed here is still a mystery. A dynamic Monte Carlo simulation will be helpful to
gain a better understanding of the internal mechanism of polymerization and gelatin of the

materials developed here.
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Another future development could involve the application of generated thermogels in drug
delivery and assessing the effect of temperature and pH on drug loading and release for different
model drugs.

Further characterization of Lipocells and application of this structure for co-delivery of hydrophilic

and hydrophobic drugs (e.g., doxorubicin and paclitaxel) are also suggested.
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Figure S2-1. "H NMR spectrum of PBCL-PEG-PBCL block copolymers in CDClz and peak
assignments.
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Figure S4-1. Viscoelastic behaviour of “B2o and Bi20” copolymers aqueous solutions as a function of
temperature at a heating rate 1 °C/min (10-50°C) and 10 wt% polymer concentration
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Figure S4-2. Viscoelastic behaviour of “Sz0 and Si120” copolymers aqueous solutions as a function of
temperature at a heating rate 1 °C/min (10-50°C) and 10 wt% polymer concentration.
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