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Summary 

Hydrogels based on biopolymers, such as alginate, are used as scaffolds in 

tissue engineering applications because they mimic the features of the native 

extracellular matrix (ECM). However, naturally derived alginate hydrogels 

present with poor mechanical performance and a lack of functionality that 

hinders favourable communication with biological molecules. Herein, we exploit 

the crystallisation-driven self-assembly (CDSA) platform to prepare well-

defined one-dimensional (1D) and two-dimensional (2D) structures with 

controlled length and size to replace the fibrillar collagen in the native ECM and 

thus improve the mechanical strength of alginate-based hydrogels. 

 

Chapter One gives a brief introduction to the research described in this thesis 

with a description of the synthetic nanocomposite hydrogel concept and its 

application as a surrogate for mimicking the extracellular matrix (ECM) in tissue. 

Then, a general introduction to controlled polymerisation techniques that can 

be implemented to afford multi-block copolymers is presented. Finally, the 

assembly of block copolymers to defined nanostructures via crystallisation-

driven self-assembly (CDSA) is described. 

 

Chapter Two discusses the use of various poly(ɛ-caprolactone)-based triblock 

copolymers to explore their self-assembly into one-dimensional (1D) cylindrical 

structures with controllable widths and lengths by changing polymer chain 

lengths and using the epitaxial growth method, respectively. Then, the obtained 

cylinders with controlled lengths are introduced in alginate hydrogels to yield 

nanocomposites with improved mechanical properties by up to 37%. 

 

Chapter Three utilizes poly(ɛ-caprolactone)-based cationic triblock copolymer 

to prepare 1D polycationic cylindrical micelles of controlled lengths using the 

epitaxial growth method. The use of polycationic cylinders with controllable 
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lengths in alginate hydrogel nanocomposites is explored, where the significant 

increase in shear strength by up to 51% is measured. Then, the antibiotic 

activity of polycationic cylindrical micelles are evaluated by minimum inhibitory 

concentration (MIC) assay against several different bacteria strains of 

Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli). Additionally, 

an end group modification of neutral poly(ɛ-caprolactone)-based triblock 

copolymers by using cationic monomer 2-(tert-butylaminoethyl) methacrylate 

(TA) is described, followed by the formation of 1D cylindrical micelles with 

controlled lengths via epitaxial growth. Then, the antibacterial performance of 

the modified cylinders is also investigated. 

 

Chapter Four discloses a facile methodology for the self-assembly of poly(L-

lactide)-based amphiphiles to prepare uniform two-dimensional (2D) rhombic 

nanostructures with controllable sizes by adjusting the solubility of unimers 

during the spontaneous nucleation process in CDSA. The mechanical 

properties of the platelet-composite alginate hydrogels are measured, and they 

show a superior improvement in shear strength by up to 80% compared to the 

native hydrogel. 

 

Chapter Five summarizes the research presented and the general conclusions 

derived from chapters 2-4 and outlines the future perspective in this field of 

research, including CDSA, nanocomposite hydrogels, and biology evaluations. 
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1.1 Overview 

This thesis centres on well-defined one-dimensional (1D, cylindrical) and two-

dimensional (2D, rhombic) micelles with controlled sizes that were prepared by 

the crystallisation-driven self-assembly (CDSA) of poly(ɛ-caprolactone) (PCL) 

triblock copolymers and poly(L-lactide) (PLLA) diblock copolymer. These 

polymers were synthesized via ring-opening polymerisation (ROP) and 

reversible addition-fragmentation chain transfer (RAFT) polymerisation. The 

controlled nanostructures were then embedded into calcium-alginate hydrogel 

networks to enhance their mechanical performance, acting as mimics of fibrillar 

collagen in the native extracellular matrix (ECM). As such, the scope of this 

introduction will begin with a biochemical description of ECM all the way to 

controlled polymerisation techniques and self-assembly processes. 
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1.2 Synthetic extracellular matrix 

One of the key features of natural ECM is that it is principally a hydrogel so 

synthetic advances in hydrogel technologies are promising candidates to mimic 

ECM for tissue engineering and 3D cell culture studies.1-2 As three-dimensional 

(3D) networks, hydrogels are formed by physically or chemically crosslinked 

polymeric chains, which provide an insoluble, swellable, and hydrophilic 

structure that is capable of retaining substantial amounts of water (usually 70-

90% by weight).3 Synthetic hydrogels fall into two sub-classes, divided by the 

type of macromolecular within the gel network, i.e., synthetic (full synthetic) 

versus natural polymer. Regardless of their classification, as a consequence of 

their soft and elastic mechanical properties in combination with their porosity, 

they can resemble native ECM. To date, a number of hydrogels based solely 

on naturally occurring biopolymers, such as alginate,4 chitosan,5 and hyaluronic 

acid,6 have been reported as biocompatible materials able to effectively mimic 

the microenvironments of native ECM.7-9 In general, synthetic hydrogels are 

capable of replacing many functions of the native ECM, such as organizing cells 

into a 3D scaffold, supporting mechanical integrity for a new tissue, and 

providing a hydrated environment for nutrient diffusion.10-13 

1.2.1 Native extracellular matrix 

The native ECM is a dynamic and complex 3D network that surrounds and 

supports cells in all tissues.14 It is also established, remodelled, and repaired 

by the cells within tissues.15-16 As a reciprocal relationship that was recognized 

more than thirty years ago,17 the ECM plays major biological roles in cellular 

adhesion, growth, differentiation, migration, and apoptosis to support tissue 

formation and function.14, 16, 18 The above interactions between cells and ECM 

are not only influenced by the chemical compositions of ECM components but 

also the mechanical properties of ECM.16, 19 Moreover, keeping mechanical 
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homeostasis of the ECM is important to maintain the structural integrity and 

functionality of tissues. In vivo, the ECM is principally composed of self-

assembled complex biopolymeric structures18, 20 to form a hydrogel-like network 

of fibrous proteins2. In particular for vertebrates, the fibrillar collagen and elastin 

are the major structural contributors.14 The former effectively supports imparts 

good elasticity and high tensile strength of tissues, which resist irreversible 

deformation and rupture,21 while the latter provides reversible recoil, allowing 

the tissue to withstand repetitive mechanical stress, i.e., elastic deformation.14, 

22 

 

Fibrillar collagen1 is an essential natural structural element and the most 

abundant protein within the ECM2, 16. In fact, it is observed in all animals, and 

accounts for approximately one-third of the total protein content in the human 

body.23 As a primary component of the ECM, not only does it provide structural 

integrity to soft tissues, it also regulates the spatial distribution and morphology 

of cells to effect cell behaviour and function.1, 24-26 To form fibrillar collagen, 

individual collagen molecules are hierarchically assembled into fibrils of 1.5 nm 

in diameter and 300 nm in length.27 Subsequently, these short fibrils further 

assemble into collagen fibres with a diameter of 10-200 nm and a length of tens 

of micrometres.2, 28 The primary biological function of fibrillar collagen is to 

maintain homeostasis of the mechanical properties of the ECM since it is a 

system out of equilibrium that is characterised by perpetual degradation, 

regeneration, and remodelling.16 During the course of healthy ageing, the 

strength and integrity of many organs and tissues are diminished, which is 

directly related to changes in the amount of fibrillar collagen.29-30 As evidenced 

by transmission electron microscopy (TEM), the collagen fibres in young ECM 

are tightly packed, long and highly ordered (Figure 1.1a).31 In contrast, aged 

ECM is fragile because of sparseness, fragmentation, and disorganization of 

the collagen fibres (Figure 1.1b).31-32 
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Figure 1.1 Transmission electron microscope (TEM) images of collagen in 

human tissue samples. (a) Young human ECM (21-30 years old) has the 

uniform distribution of intact collagen fibrils. (b) Aged human ECM (˃ 80 years 

old) displays sparse, fragmented, and disorganized collagen fibres.31 

 

Although the relationship between the mechanical properties of ECM and cell-

ECM interactions has been firmly established, there are still many unresolved 

questions surrounding the complex biological signalling pathways, which has 

limited the design and development of functional synthetic tissues.25, 33 

Therefore, it is important to further explore how ECM components and stiffness 

affect cell-ECM interactions, cell behaviours, and ultimate biological functions 

in vitro and in vivo. The development of more robust synthetic mimics of ECM 

are required and should contribute to resolving age-related disease 

mechanisms and aiding in the delivery of next-generation regenerative 

therapies. 

1.2.2 Nanocomposite hydrogels 

In efforts to improve the mechanical performance of hydrogels, biopolymer-

containing hydrogels have been gradually replaced by fully synthetic 

hydrogels.34-35 Full-synthetic hydrogels, such as those made of polyacrylamide 

(PAAm), poly(vinyl alcohol) (PVA), and poly(ethylene glycol) (PEG), are formed 

by chemical covalently crosslinked polymer networks,36 which offers precise 

control over composition and biophysical properties,2 in addition to good 
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performance and long-term stability.37 Moreover, controllable degradation and 

complex microstructures have been achieved with synthetic hydrogels.37 

However, residual reagents from their preparation, including organic solvents, 

crosslinking species, and photoinitiators, have raised serious cytotoxicity 

concerns. Also, as covalently crosslinked hydrogels, the network density is not 

homogeneous and leads to phase separation and water-filled ‘voids’ or 

‘macropores’.36 In addition, although a number of covalently crosslinked 

swellable polymer networks with robust mechanical properties and uniform 

porosity have been obtained,38-41 these polymer networks cannot inherently 

provide a fibrillar microenvironment. Hence, these drawbacks limit the ECM-

mimetic applications for many synthetic hydrogels. 

 

In contrast, naturally-derived hydrogels, which include alginate,4 chitosan,5 and 

hyaluronic acid,6 have been reported as high biocompatible materials. Usually, 

these hydrogel networks are composed of physically crosslinked polymer 

chains, where the crosslinkers of those networks are formed from non-covalent 

interactions such as hydrogen bonds, ionic interactions, and protein 

interactions. Alginate is a naturally abundant biopolymer that is sourced from 

brown algae and it has many advantages in hydrogel applications, such as low 

cytotoxicity, biocompatibility, non-immunogenicity, injectability, and low cost.42 

Aqueous solutions of sodium alginate quickly gel from the addition divalent 

cations, such as Ca2+ (Figure 1.2), which displaces the Na+ ions and crosslinks 

the carboxylate groups between polymer chains.43-44 However, its overall utility 

is limited by the lack of fibrous structure and poor mechanical properties.45-46 

 

 

Figure 1.2 The preparation of alginate calcium hydrogels with ionic crosslinking 

(egg-box model).4 
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As previously mentioned, native ECM contains fibrillar collagen, which is 

responsible for the tensile strength of the matrix. However, while hydrogels’ 

mechanical properties can be improved by adding collagen fibres (cylindrical 

structures),47 the high cost and immunogenicity concerns of collagen are an 

obstacle to tissue engineering applications.48 Recent advances have focused 

on the modification of hydrogels by incorporating nanomaterials such as 

nanocomposites, which include carbon-based, polymeric, metallic, and ceramic 

nanoparticles for various applications.34, 40 Moreover, hydrogels have been 

modified by various nanoparticles with different morphologies and sizes.2, 49-56 

 

Jia and coworkers reported highly stretchable hydrogels obtained by the radical 

polymerisation of acrylamide with functional groups in the micellar shell, where 

the hydrogels showed tuneable mechanical properties by varying the 

amphiphilic diblock copolymer composition of zero-dimensional (0D) spherical 

micelles.49 Wu and coworkers prepared novel polyacrylamide nanocomposite 

hydrogels via in-situ free-radical polymerisation. The compression strength and 

storage modulus of hydrogels were reinforced with the addition of one-

dimensional (1D) natural chitosan nanofibres.57 Haraguchi et al. successfully 

used in-situ free radical polymerisation to synthesize nanocomposite hydrogels 

with a unique polymer/clay network structure, in which the swellability and 

elongation at break of hydrogels were improved by blending two-dimensional 

(2D) inorganic clay compared to non-composite analogues.58 Armes and 

coworkers reported several biocompatible thermo-responsive diblock 

copolymers that can form free-standing hydrogels, however the mechanical 

properties were poor at ambient temperature. Interestingly, the hydrogels were 

dynamic, undergoing a degelation via a worm-to-sphere order-order transition 

(Figure 1.3).59-60 
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Figure 1.3 Thermoresponsive behaviour of a 10 w/w % aqueous dispersion of 

the diblock copolymer micelles. TEM data provided a strong evidence for this 

reversible worm-to-sphere transition.59 

 

Although the mechanical properties of nanocomposite hydrogels have been 

improved due to structural reinforcement by nanoparticles, these studies have 

failed to demonstrate how micelle size affects mechanical properties and thus 

the ability to mimic the microenvironments of native ECM. 

1.2.3 Antibacterial nanocomposite hydrogels 

Imparting the antimicrobial activity into hydrogels has attracted the attention of 

many researchers to potentially expand its applications in tissue engineering, 

wound dressing, antibiofilm, implant coating, and so forth.61 Infections induced 

by pathogenic microorganisms are a perpetual global challenge affecting 

millions of people every year,62 and the search for novel antibacterial products 

is accelerating in the pharmaceutical and biomedical fields63-64. As promising 

materials with good biocompatibility and similar mechanical properties to the 

ECM, nanocomposite hydrogels consisting of nanoparticles with antimicrobial 

properties embedded in hydrogels could have a wide range of biomedical 

applications, such as wound healing, drug delivery, cell delivery, and tissue 

regeneration.34, 65-68 

 

Up to now, several different classes of antiseptic agents have been used to 

prepare antibacterial nanocomposite hydrogels, such as silver nanoparticles,69-
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70 metal oxide nanoparticles,71-72 antibiotics,73-74 and antimicrobial peptides 

(AMP)75-76. In particular, the introduction of metal nanoparticles has emerged 

as a convenient method to antimicrobial hydrogels. Raghavendra et al. reported 

a facile and eco-friendly method to prepare antibacterial nanocomposite 

hydrogels using Au-core/Ag-shell nanoparticles, which showed excellent 

antibacterial efficiency.34 Bardajee et al. also prepared a novel silver-containing 

nanocomposite hydrogel against gram-negative and gram-positive bacteria.77 

Yadollahi et al. synthesized silver nanoparticles in-situ during the formation of 

chitosan hydrogels crosslinked by sodium tripolyphosphate, imparting good 

antibacterial ability against Staphylococcus aureus (S. aureus) and Escherichia 

coli (E. coli) bacteria.78 The above examples have all focused on the use of 

metal nanoparticles, however, there remain concerns regarding their potential 

toxicity in vivo, hence their metabolism, clearance, and cytotoxicity are still 

being evaluated.79 

 

It is well-known that the long-term use of antibiotics results in antimicrobial 

resistance (AMR), which is becoming increasingly severe in clinical practices.61, 

80 Antimicrobial peptides (AMPs), as a wide range of short, cationic, gene-

encoded peptide antibiotics,61 exhibit high bactericidal activities over a broad 

antimicrobial spectrum.81 However, their poor stability in vivo, salt sensitivity, 

and high toxicity to mammalian cells detract from their clinical applications.61 To 

solve these problems, AMP-polymer conjugates have been investigated to 

provide suitable antibacterial agents for biomedical applications. A possible 

antibacterial mechanism of cationic polymers is the rapid replacement of Ca2+ 

in the bacterial membrane with cationic polymers, which leads to a phase 

separation of different lipids and thus destruction of membrane integrity (Figure 

1.4).82-83 Hong et al. reported an antibacterial polymersome composite hydrogel, 

where the polymersome was self-assembled by poly(ε-caprolactone)-block- 

poly(lysine-statistical copolymer-phenylalanine) (PCL-b-P(Lys-stat-Phe)). The 
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AMP-conjugated polymersome exhibited long-acting antibacterial activities 

against both Gram-positive and Gram-negative bacteria. The antibacterial 

efficiency was further improved when penicillin was encapsulated into the 

polymersome.65 Although the drawbacks of AMPs can be overcome in certain 

cases, the high costs associated with peptide manufacturing still limit their 

deployment in commercial applications.80 

 

 

Figure 1.4 Proposed mechanism of the antibacterial activity of cationic 

polymers.83 

 

Cationic polymers, as an alternative choice, exhibit robust capabilities to form 

cationic nanoparticles with high charge density that serve to easily rupture the 

bacteria membrane.84 By altering the composition, dimension, morphology, and 

surface charge of the nanoparticles, their antibacterial activities can be tuned 

accordingly.62, 85-86 Dove, O'Reilly, and coworkers explored the effect of size and 

shape on the antibacterial activities of nanoparticles where the smaller 

diamond-shaped platelets exhibited higher antibacterial capabilities than larger 

platelets, spheres, and unassembled polymers.62 However, this process 

required quaternization and haemolysis concerns surround the use of 

quaternary ammonium species.82 To overcome this limitation, cationic polymers 
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without quaternary ammonium groups were screened for antibacterial 

applications, such as poly(2-(tert-butylaminoethyl) methacrylate) (PTA). Among 

the cationic polymers, PTA displayed a high antibacterial activity with a rare 

cytotoxicity to human cells.87-89 Because its pKa (9.12) is near physiological 

conditions, PTA is partially protonated and thus exhibits antibacterial 

capabilities without quaternization.82 However, the secondary amine on this 

polymer backbone can also be further derivatized for additional applications.90 

The antibacterial mechanism of PTA relies on the exchange of Ca2+ or Mg2+ 

cations from the bacterial outer membrane, which results in the disorganization 

of the outer membrane and, thus, the lysis of bacterial cells (Figure 1.5).63, 82, 

91-92 Du and coworkers synthesized PTA-based triblock copolymers, which 

formed biodegradable and antibacterial polymer micelles without quaternization 

(Figure 1.5).63 Then, they reported PTA-based diblock copolymers that self-

assembled into vesicles upon increasing the temperature in an aqueous 

environment. These vesicles also displayed an promising antibacterial activity 

without requiring quaternization.90 Furthermore, Song et al. used PTA chains 

for coating the surface of silica nanoparticles, where their antimicrobial activities 

were dependent on the particle size.93 Although PTA is a promising 

antimicrobial polymer, little work has been done to systematically study the 

effect of morphologies and sizes of PTA-containing nanoparticles on their 

antibacterial ability and include this polymer into antimicrobial nanocomposite 

hydrogels. In this work, a very promising antibacterial hydrogel was reported, 

in which 2-(tert-butylaminoethyl) methacrylate (TA), as a partially hydrophilic 

RAFT compatible monomer, was utilized for the corona of the cylindrical 

micelles within the network. 

 



 

12 

 

 

Figure 1.5 The self-assembly of PEO-b-PCL-b-PTA triblock copolymers into 

antibacterial micelles and the mechanism of the antibacterial activity.63 
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1.3 Self-assembly of amphiphilic block copolymers in solution 

Polymeric micelle systems, as one of the key research domains of materials 

with characteristics of amphiphilic structures and biocompatible functions, have 

attracted growing attention and interest in the biomedical arena.94-98 Generally, 

nanosized micelles consist of amphiphilic block copolymers or surface-active 

agents that contain two opposite segments called a core-shell structure, which 

includes a hydrophobic head and a hydrophilic tail.99 These polymeric 

amphiphiles can self-assemble in selective solvent and lead to various 

morphologies by adjusting the parameters of the hydrophilic-hydrophobic chain 

ratio, ionic strength of the solution, solvent polarity, and self-assembly 

temperature.100-101 As a result, a huge variety of ordered architectures have 

been reported, including Spheres,102 vesicles,103 lamellae,104-105 cylinders,106-

107 toroids,108 helices,109 Janus micelles,110 and nanotubes111. These well-

defined polymeric micelle systems with different morphologies can be 

employed in a host of applications, such as multifunctional drug carriers,112-115 

nanoreactors,116-117 and gene transfection systems.118-119 

1.3.1 Nanoparticle morphology 

Amphiphilic BCPs, which consist of at least one hydrophobic tail and at least 

one hydrophilic head group, are spontaneously self-assembled in selective 

solvents by the solvophobic effect, where the self-assembly process is driven 

by an unfavourable mixing enthalpy coupled with a small mixing entropy to 

minimize energetically unfavourable solute-solvent interactions.120-121 Generally, 

three parameters should be taken into account during the self-assembly 

process: 1) the free energy of the core, relating to the stretching of the core-

forming block; 2) the free energy of the interface, determined by the interaction 

between the core-forming block and the solvent; and 3) the free energy of the 

corona, which depends on the steric or electrostatic interactions of the coronal 
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blocks.122-124 

 

Based on the well understanding of the above three parameters, the packing 

parameter is proposed by B. W. Ninham and coworkers (Equation 1.1) in order 

to predict the most likely morphology of BCPs in solutions,125 where p is the 

packing parameter, v is the hydrophobic block volume, a0 is the head group 

area, and lc is the hydrophobic tail length. Generally, as p increases, spheres, 

cylinders, and vesicles (polymersomes) are formed sequentially. Specifically, 

spherical micelles are formed when p ≤ 1/3, cylindrical micelles are formed 

when 1/3 < p ≤ 1/2, and polymersomes are formed when 1/2 < p ≤ 1 (Figure 

1.6).120-121, 125-126 

 

𝑝 =
𝑣

𝑎0𝑙𝑐
   Equation 1.1 

 

 

Figure 1.6 The different morphologies obtained by targeting different packing 

parameters, p.126 
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As mentioned above, collagen fibres are cylindrical structures, thus using 

cylindrical polymeric fibres to mimic collagen fibres in size and morphology 

exhibit great potential in many biomedical applications. However, it is difficult to 

rationally prepare cylindrical morphologies by altering block compositions in 

BCPs because predicting the packing parameter can be convoluted.126 

Furthermore, the conventional self-assembly in solution, such as direct 

dissolution or solvent-switch methodologies, frequently results in cylinders 

coexisting with spherical and vesicular impurities as a consequence of the 

narrow window calculated by the packing parameter equation. 

1.3.2 Cylindrical polymer micelles 

The growth in this area has been propelled by the development of facile and 

versatile methodologies for the synthesis of polymeric cylindrical micelles. For 

example, Bates and coworkers reported giant and flexible wormlike micelles 

prepared by self-assembly of poly(1,2-butadiene-b-poly(ethylene oxide) (PB-b-

PEO) copolymers.127 Wooley and Rzayev have respectively investigated the 

preparation of polymeric cylinders by using “grafting through”128 and “grafting 

from”129 methods of bottle-brush copolymers. Moreover, using a nanoscale 

pore extrusion method, Wu and coworkers turned polystyrene-b-polyisoprene 

spherical micelles into cylindrical structures by leveraging a nanopore 

extrusion-induced transition.130 Furthermore, He et al. induced the 

transformation of spherical micelles of poly(ε-caprolactone)-b-poly(ethylene 

oxide) (PCL-b-PEO) into cylindrical micelles by the simple addition of inorganic 

salts (Figure 1.7).131 
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Figure 1.7 The sphere-to-rod transformation of the PCL61-b-PEO44 micelles in 

aqueous solution through an inorganic-salt-induced method.131 

 

Additionally, polymerisation-induced self-assembly (PISA) is a facile one-pot 

technique for the concurrent synthesis of BCPs and the self-assembly of 

polymeric nanomaterials. Armes and coworkers demonstrated that the 

morphology of PISA nanoparticles is affected by BCPs concentration and 

corona degree of polymerisation (DP) (Figure 1.8), where pure phase worm-

like micelles can be obtained by PISA.132-134 However, PISA does not afford 

control over micellar' size, which limits the ability to mimic collagen fibres with 

various lengths. 

 

 

Figure 1.8 TEM images of G78-b-Hx spheres, worms, and vesicles, which 

synthesized at different concentrations. For brevity, G and H denote GMA and 

HPMA.132-134 

 

The use of peptide conjugates has also been gaining attention since peptides 

are well-known for their assembly behaviour into higher order structures, i.e., 

proteins. For example, Stupp and coworkers developed a peptide-amphiphile 

(PA) nanofibre system driven by the molecular self-assembly of the peptides.135-
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136 Similarly, Zhang and coworkers have reported a synthetic nanofibre system 

in which the self-complementary amphiphilic peptides can self-assemble in 

physiologic medium to form nano-fibrillar gels.137 Kitagawa et al.138 and Raines 

et al.139 respectively reported two novel peptide-based systems to mimic 

collagen by the supramolecular-assembly of triple-helical superstructures. 

 

Even though progress has been made toward the synthesis of defined 

nanostructures, the aforementioned studies tend to report cylinders with 

spherical or lamellar impurities and show a lack of control over the lengths of 

the cylinders formed, which limits access to nanoparticles with controlled aspect 

ratios. This is important because the strength of soft tissues containing fibrillar 

collagen has been suggested to be correlated with the fibre dimension.140-141 

Hence, the ability to target nanoparticles with accurate size and narrow length 

dispersity will be key to future advances in the field. 
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1.4 Crystallisation-driven self-assembly 

The controlled crystallisation of block copolymers (BCPs) with at least one 

crystallisable core segment to form crystalline nanoparticles, termed 

crystallisation-driven self-assembly (CDSA), has received increasing attention 

in the last decade.142 Conventional solution self-assembly processes afford 

polydisperse nanostructures without dimensional control,106 however CDSA 

can provide a path to monodisperse samples with controlled sizes which 

provides a tremendous advantage and makes it ideally suited for more targeted 

biomedical applications.143 To realize dimensional control of nanoparticles, 

many techniques in CDSA, such as spontaneous nucleation,144-145 morphology 

transition,122, 146 self-seeding,147-148 and living CDSA,149-150 have been 

developed and further extended to various BCPs containing crystallisable core 

segments to prepare uniform 1D or 2D nanostructures with controlled sizes. 

Before discussing the specifics of CDSA processes, a more thorough 

examination of polymer crystallisation behaviour in solution is warranted. 

1.4.1 Polymer crystallisation and chain-folding of crystalline-

core micelles 

Polymer crystallisation dynamics have been studied for decades because of 

the highly complex and divergent hierarchy of long-chain molecules.151 

However, the foundational principles of the field were largely established in 

1957 by Keller et. al.151 where they proposed the celebrated "folded chain 

model", which is attributed to the exclusive crystallisation features inherent only 

to long-chain molecules, i.e., the crystallisation behaviour is divergent from 

small molecule crystallisation.152 Because of the connectivity of the polymer 

chain at the edges of the folds, polymers can exhibit a semi-crystalline nature 

(Figure 1.9). However, the polydisperse nature of synthetic polymers can 

hinder efficient polymer crystallisation. Therefore, to increase the degree of 
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crystallisation and improve the efficiency of folding, polymers with very low 

dispersity should be used.153 

 

 

Figure 1.9 Comparison between an amorphous polymer chain and a folded 

semi-crystalline polymer chain.  

 

In dilute solutions, Vilgis et al. studied the aggregation of coil-crystalline diblock 

copolymers by using a chain-folding model,154 where the amorphous block is 

covalently attached to the crystalline core between the block segments, forming 

the sandwich structure composed of upper and lower soluble amorphous layers 

and a crystalline core middle layer (Figure 1.10).155 The authors theorized that 

the formation of a lamellar crystalline core provides the greatest free energy 

contribution to self-assembly. Specifically, the chain folding number is related 

to the repulsion between solvent-swollen corona chains, where long corona 

chains limit the lateral growth of the crystalline cores. For example, if the core 

chains crystallise along both planar directions in equal rates, square-shaped 

micelles will be obtained. Nevertheless, if one direction of crystal growth if faster 

than another axis, micelles with high aspect ratios will be prepared. When the 

cross-section of the crystalline core is sufficiently narrow, the elongated 

micelles can be considered as cylinders.156 
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Figure 1.10 Low and high chain folding number of diblock copolymers with a 

semi-crystalline core block. For simplicity only the upper corona blocks are 

shown.  

1.4.2 Mechanisms of polymer crystallisation-driven self-

assembly in solution 

CDSA has been observed for various BCPs with semi-crystalline core blocks 

such as poly(ɛ-caprolactone),157 polylactide,144, 158 polyethylene,159 

poly(ferrocenyl dimethylsilane),107, 160 and poly(3-hexylthiophene)106 leading to 

the preparation of cylindrical (1D) or rhombic (2D) micelles with controlled 

dimensions. Generally, there a several approaches to controlling self-assembly 

behaviour for CDSA processes including spontaneous nucleation, morphology 

transition, self-seeding, and living CDSA.161-162 

1.4.2.1 Spontaneous nucleation 

During spontaneous nucleation events, the BCPs with semi-crystalline core 

blocks are usually dissolved in a selective solvent (where the solubility of the 

polymers toggles between soluble and insoluble) often above the melting 

temperature (Tm) of the crystalline blocks, followed by cooling down to form 

different types of polydisperse nanostructures. In this process, crystallisation 

provides the driving force for self-assembly when the system is under the 
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melting point temperature of the core-forming BCP.156 As a reversible self-

assembly process, polymers can revert to an amorphous state when heating 

above the Tm. Previously, Dove, O'Reilly, and coworkers prepared polydisperse 

poly(L-lactide) (PLLA)-based cylindrical nanoparticles by heating at a 

temperature above the glass transition temperature (Tg) of the core.144-145 In 

another example, the widths of PLLA-based cylindrical micelles were tuned by 

rationally changing the hydrophobic (crystalline) or hydrophilic (amorphous) 

block chain lengths of the respective diblock copolymers.158 The preparation 

and core-functionalization of PLLA-based triblock cylinders was accomplished 

using the photo-initiated thiol-ene click reaction, which opens up a new pathway 

for hydrophobic drug delivery applications (Scheme 1.1).163 Although 

spontaneous nucleation provides an efficient pathway towards synthetic 

polymer fibres that could mimic collagenic fibres, this technique only forms 

polydisperse micelles, e.g., uncontrolled lengths. To obtain monodisperse 

nanoparticles, the techniques of self-seeding and living CDSA are considered. 

 

 

Scheme 1.1 The CDSA of PLLA-based triblock copolymers and the further 

internal functionalization via thiol-ene click reactions.163 

1.4.2.2 Morphological transition 

The self-assembly of BCPs in solution is determined by the combined effect of 

kinetic164-165 and thermodynamic contributions.124, 166 Thermodynamics  

dominate when the self-assembly process is in a rapid unimer exchange, which 

results in the most energetically favoured state.122 However, the most common 

self-assembly reactions contain BCPs with long insoluble blocks, where the 
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dynamics are restricted leading to slow unimer exchange.165, 167 Therefore, the 

self-assembly is under kinetic control in these circumstances, and the resultant 

micelles are either kinetically trapped in non-equilibrium states or slowly 

rearranged towards the energetically favoured states.122, 167 In particular many 

morphological transitions, such as sphere-to-cylinder,168-170 sphere-to-

vesicle,171-173 and cylinder-to-vesicle,168, 174 have been studied by solvent 

switching or external stimuli methods. For most conventional self-assembly in 

solution, increasing concentration or temperature increases the micelle length. 

For the CDSA process, Manners, Winnik, and coworkers demonstrated a 

sphere-to-cylinder transition of nanoparticles in ethanol (Figure 1.11).146 Initially, 

spherical micelles were obtained by dissolving the metal-containing BCPs in 

ethanol, where the poly(ferrocenyl dimethylsilane) (PFS) was a short 

hydrophobic organometallic core and the poly(2-vinylpyridine) (P2VP) was a 

highly polar hydrophilic organic corona. The subsequent transition occurred 

over several weeks and was driven by the crystallisation of the PFS core block 

in the solution. Although PFS has shown great utility for CDSA, it is not regraded 

as a biocompatible polymer, thus limiting its application potential.146 Dove, 

O'Reilly, and coworkers reported a sphere-to-cylinder transition method to form 

polydisperse cylindrial micelles via using a biocompatible polyester in PLLA-

containing BCPs. Using wide-angle X-ray scattering (WAXS) to investigate the 

self-assembly process, they discovered that the kinetics of morphological 

transitions correlated with the overall crystallinity.122 

 

Figure 1.11 Representative TEM images of the morphological transition from 

spheres to cylinders for PFS-containing BCPs.146 
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1.4.2.3 Self-seeding 

In 2007, Winnik, Manners, and coworkers discovered that after the growth of 

PFS-based crystalline micelles, the termini of the crystalline seeds retain the 

ability to continue crystallising polymer unimers, enabling the continued growth 

and extension of the structures.175 Inspired by this study, the self-seeding 

method (Scheme 1.2) emerged as a powerful means to precisely control 

micelle length.176-178 This technique is a phenomenon unique to polymer 

crystals, which have a broad range of crystallising abilities because of their 

different chain orders possessing various Tm.178-180 Therefore, upon heating, the 

low crystalline domains are dissolved, while the high crystalline domains remain 

intact and serve as initiators to direct the epitaxial growth along with the termini 

of seeds upon cooling.178, 180 Moreover, the length of uniform cylindrical micelles 

can be finely controlled by the annealing temperature (Ta).147-148 

 

 

Scheme 1.2 A schematic diagram of the self-seeding process of PFS-

containing BCPs.147 

 

In landmark studies, Winnik, Manners, and coworkers were the first to prepare 

uniform cylindrical nanostructures by the self-seeding of PFS-containing BCPs, 

where the length of micelles was tuneable by the Ta.177-178 They also have found 

that the Tm and growth rate of PFS-containing BCPs are determined by both 

the length of the crystalline core block and the corona-forming block, as well as 

the chemical composition of the corona.147, 181 Although many PFS-containing 

uniform fibre-like micelles with dimensional control have been formed from self-
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seeding, the self-seeding behaviours of other crystalline-coil BCPs are 

relatively unexplored. 

1.4.2.4 Living crystallisation-driven self-assembly 

Living CDSA is one of the efficient approaches to assemble monodisperse 

nanoparticles. In this process, the small fragments or seeds are prepared by 

the sonication of polydisperse nanoparticles previously formed via spontaneous 

nucleation. Subsequent addition of dissolved BCPs unimers in good solvents 

to pre-formed crystalline seeds (formed from sonication) in selective solvents 

induce epitaxial growth from the termini of the seeds (Scheme 1.3).182 The 

resultant length of the low dispersity nanostructure can be controlled by 

adjusting the ratio of added BCP unimers to seeds (unimer-to-seed ratio).183 

This process can be subsequently repeated to enable continued particle growth 

and afford well-defined nanoparticles with controllable sizes and 

morphologies.182 The reason why this method is called “living” CDSA is 

because of an analogy between this process and living polymerisation, i.e., it is 

essentially a living supramolecular polymerisation process.183 

 

 

Scheme 1.3 The preparation of uniform cylindrical micelles by living CDSA.182 
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Many subsequent studies by Winnik, Manners, and coworkers employed PFS-

containing BCPs that underwent efficient living CDSA in solution to afford 

cylindrical and lamellar nanostructures.183-186 Uniform PFS-based cylindrical 

micelles with lengths ranging several orders of magnitude (from 20 nm to 5 μm) 

were obtained by living CDSA.183 In another interesting application, this 

technique was also utilized to build random comicelles, block comicelles, and 

gradient comicelles via combining seeds and unimers with the same core-

forming segment but different corona-forming segments.181, 186-188 In addition, a 

hierarchical self-assembly process was realized from the living CDSA of PFS-

based amphiphilic micelles as building blocks.189-190 Although this approach has 

been widely reported for PFS-containing BCPs, similar examples are rare for 

biocompatible and biodegradable polymers. One of the few examples features 

PCL-containing BCPs capable of forming well-defined cylinders by the epitaxial 

growth, where the resultant monodisperse micelles showed colloidal stability in 

water.150 For 2D lamellar micelles, a series of PLLA-based uniform colloidally 

stable 2D rhombic nanostructures were assembled by controlled epitaxial 

growth using living CDSA.191 

1.4.3 Preparation of biocompatible and biodegradable 

nanoparticles by crystallisation-driven self-assembly 

Pioneering work by Manners, Winnik, and coworkers reported a promising 

method that prepares cylindrical micelles by using living CDSA of the semi-

crystalline192-193 BCPs.146, 194-197 Although the PFS-containing BCPs display an 

excellent capability of dimensional control in CDSA, as a polymer containing 

ferrocene units, its cytotoxicity hinders the biological applications. Therefore, 

the use of semi-crystalline nature of polyesters, such as poly(ɛ-caprolactone)198 

and polylactide,144, 158 as the core-forming blocks for CDSA has emerged as a 

path to prepare more biocompatible nanoparticles. 
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1.4.3.1 Crystallisation-driven self-assembly of poly(ɛ-

caprolactone) containing block copolymers 

Poly(ɛ-caprolactone) (PCL) is a semi-crystalline biocompatible and 

biodegradable polyester, which can be used as the hydrophobic crystalline core 

block of BCPs for producing nanoparticles via CDSA. For example, Zhang et 

al. demonstrated that the semi-crystalline BCPs constituted by P(CL-LLA)-b-

mPEG triblock copolymers could self-assemble into cylindrical micelles (Figure 

1.12). In contrast, the more amorphous P(CL-DLLA)-b-mPEG triblock 

copolymers only aggregated into spherical micelles.198 In this study, cylinders 

could be remarkably extended in length by simply increasing the concentration 

of the solution. The authors reasoned that the driving force in obtaining the 

cylindrical morphology is a result of the high hydrophobicity and enthalpy of the 

crystalline core PCL block.198 Du et al. were able to obtain a series of spherical, 

rod-like, worm-like, and lamellar micelles from PCL-b-PEO BCPs by modifying 

the assembling temperature in water.193 Chan et al. obtained spherical micelles, 

cylinders, vesicles, and lamellae by self-assembly of P4VP-b-PCL semi-

crystalline diblock copolymers in solution.199 The highlighted examples clearly 

demonstrate that controlled PCL-based morphologies can be prepared via 

CDSA. These cylindrical PCL-based nanostructures should present as a 

promising tool to mimic fibrillar collagen. 

 

Figure 1.12 (a) TEM image of cylinders from PCL-b-PLLA-b-PEO triblock 

copolymers with concentration of 0.2 mg mL-1; (b) a view recorded at higher 

magnification. Scale bar = 200 nm.198 
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Dove, O’Reilly, and coworkers prepared PCL-based biocompatible and 

biodegradable cylindrical (1D) and lamellar (2D) micelles by CDSA in water and 

alcoholic solvents.150 The length of cylindrical micelles was rationally tuned by 

the controlling epitaxial growth, i.e., adjusting the unimer-to-seed ratio, using 

living CDSA and represented the first demonstration of controlled cylindrical 

growth (Figure 1.13).150 

 

 

Figure 1.13 Schematic representation for the hydrogel formation of PCL50-b-

PMMA20-b-PDMA200 cylinders in water via direct epitaxial growth.150 

1.4.3.2 Crystallisation-driven self-assembly of poly(L-lactide) 

containing block copolymers  

Similarly to PCL, poly(L-lactide) (PLLA) has been employed as a core-forming 

block to prepare cylindrical or diamond-shaped micelles via CDSA.144, 158, 200 

Dove, O’Reilly, and coworkers reported dimensional control of PLLA-based 

cylinders by altering the chain lengths of both hydrophobic and hydrophilic 

segments (Scheme 1.4). Specifically, the crystalline core block length was 

correlated to the length of the cylinders, while the hydrophilic corona was 

responsible for modifying the width of the cylinders.158 
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Scheme 1.4 Schematic representation for the formation of PLLA-based 

cylindrical micelles of varying lengths by altering the chain length of the 

hydrophobic or hydrophilic segments.158 

 

Additionally, Winnik, Manners, and coworkers reported a series of PLLA-based 

hierarchical 2D diamond-shaped nanoparticles via living CDSA. After the 

crosslinking of the P2VP corona and the dissolution of the PLLA interior region, 

hollow rhombic assemblies were furnished (Figure 1.14). Moreover, using the 

epitaxial growth of the unsymmetrical unimers alone with the platelets, 

diamond-fibre hybrid structures were prepared.191 

 

 

Figure 1.14 (a) Schematic representation for the formation of crosslinked 

diamond-shaped block co-micelles and hollow micelles, and the corresponding 

TEM images of block co-micelles (b) and hollow micelles (c). Scale bar = 2 

μm.191 
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Pitto-Barry et al. showed the CDSA of PLLA-containing block copolymers with 

three different corona blocks including poly(4-acryloyl morpholine) (P4AM), 

poly(ethylene oxide) (PEO), and Poly(N,N-dimethyl acrylamide) (PDMA). The 

results showed that the length of the resultant cylindrical micelles was 

dependent upon their hydrophilicity, whereby increasing the overall 

hydrophilicity of the BCPs led to the shorter cylinders.145 Dove, O’Reilly, and 

coworkers also showed that the overall solubility of PLLA-containing BCPs 

could effectively determine the 1D versus 2D shape selectivity. For example, 

using copolymers with long, highly soluble coronas resulted in 2D diamond-

shaped platelets. In contrast, employing copolymers with less soluble coronas 

yielded 1D cylindrical micelles.201 Moreover, PLLA-containing rhombic platelets 

with different sizes have been obtained simply by adjusting the solvent to 

control the solubility of the copolymers during the CDSA.200 
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1.5 Synthesis of block copolymers using controlled 

polymerisations 

The advent of “living” or controlled polymerisation methods has afforded access 

to complex polymeric materials with exquisite control over length, dispersity, 

composition, and topology. 202 Here, "living" means that polymers are capable 

of propagating for a long time and growing to a desired maximum chain 

length,203 where the rate of initiation (ki) should be greater than the rate of 

propagation (kp), and the addition of monomer to polymer chain ends is 

irreversible;204 at the same time, the degree of termination to chain transfer in 

the reaction is negligible203. Therefore, this also affords a narrow molecular 

weight distribution (dispersity, ĐM) for the resultant polymers.204 Up to now, this 

technique includes anionic,202 catanionic,205 ring-opening,206 ring-opening 

metathesis,207 group-transfer,208 and reversible deactivation radical 

polymerisations.209-211 In particular, these living techniques have been 

instrumental for the synthesis of block copolymer architectures which are vital 

to access higher ordered morphologies that arise from self-assembly processes. 

As such, several controlled polymerisation techniques will be covered in more 

detail, specifically those that were employed to form the various block 

copolymers and their corresponding nanostructures for materials described in 

this thesis. 

1.5.1 Ring-opening polymerisation 

Ring-opening polymerisation (ROP) is a chain-growth polymerisation, where 

new monomers are sequentially added to the growing polymer chain end. After 

each monomer addition, a new active chain end is contained at the terminus, 

which can then serve to continually add monomers until a termination event or 

the monomer stock is depleted. Under the rigorous exclusion of water, a ROP 

can proceed in a well-controlled manner resulting in polymers with narrow 
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molecular weight distributions, predictable molecular weights, and high end-

group fidelity to afford polyesters that are suitable for biomedical applications.212 

In particular, ROP has been widely utilized in the preparation of biomaterials 

from lactones and lactides213-216 via organic-217 or metal-218 catalysed 

processes. However, the biological applications of polyesters prepared using 

metal-based catalysts are limited by their cytotoxicity, hence organic catalysts 

are favoured in preparing biomaterials.217 

1.5.1.1 Poly(ɛ-caprolactone) 

Poly(ɛ-caprolactone) (PCL) is a semi-crystalline commercial polyester that is 

particularly notable for its biocompatibility and biodegradability.212, 219 In 

particular, the synthesis of well-controlled PCL with narrow molecular weight 

distributions, predictable molecular weights, and high end-group fidelity makes 

it a promising polymer for tissue engineering.212 Furthermore, to eliminate the 

need for metal catalysts for its synthesis, organocatalysts have proven useful 

for the ROP of ɛ-caprolactone (ɛ-CL) in recent decades,217, 220-221 which gives it 

an edge for biomedical applications by removing the cytotoxicity associated 

with metals. Makiguchi et al. reported the first organocatalysed controlled/living 

ROP of ε-CL using diphenyl phosphate (DPP), which acts as an efficient acidic 

organocatalyst in this case (Scheme 1.5).220 In this reaction, DPP increases 

the electrophilicity of the monomer carbonyl group to promote attack from an 

alcohol-based initiator. Importantly, the transesterification side reactions with 

this catalyst were negligible resulting in well-defined polymers with low 

molecular weight distributions.220 

 

Scheme 1.5 An activated monomer mechanism for the DPP-catalysed ROP of 

ε-CL.220 
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1.5.1.2 Polylactide 

Polylactide (PLA) is also an important commercially available polyester 

because of its biodegradability and renewability, sourced from fermented plant 

starch feedstocks.222-223 Similarly to PCL, the ROP of lactide (cyclic diester of 

lactic acid) proceeds in a living fashion to yield well-defined polymers that are 

required for biomedical applications. Because lactic acid contains an 

asymmetric carbon, lactide comes in three stereoisomeric forms: L-lactide and 

D-lactide which are enantiomers and meso-lactide which is diastereomeric to 

the former isomers (Figure 1.15).224 

 

 

Figure 1.15 Stereoisomers of lactide.224 

 

Typically, the optically pure poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA) 

are semi-crystalline polymers, which make them useful as core-forming blocks 

for CDSA.144 In contrast, the atactic poly-(meso-lactide) or poly-(rac-lactide) are 

mostly amorphous materials.224 Finally, native lactic acid is exclusively the L (or 

S) isomer, and a natural metabolite of the body, thus PLLA is considered to 

have better biocompatibility than the corresponding PDLA making it more 

attractive for in vivo applications.225 

 

PLA can be synthesized by the polycondensation of lactic acid. However, this 

method lacks control over the polymerisation and requires relatively harsh 
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conditions to prepare high molecular weight polymers.226 Even though PLA is 

reliably synthesized by ROP of lactide to afford better control over the 

polymerisation, transesterification side reactions can occur and broaden the 

molecular weight distribution.227 To overcome the detrimental transesterification 

side-reactions, Dove et al. reported the ROP of L-lactide catalysed by a 

thiourea/(-)-sparteine-based organocatalytic system that eliminated 

transesterification side reactions and afforded a low dispersity polymer because 

the thiourea has higher recognition rate for cyclic lactide monomer than for 

linear polymer (Scheme 1.6).228-229 In this process, the alcohol initiator was 

activated by the tertiary amine co-catalyst and the carbonyl group in lactide was 

activated by hydrogen bonding between the thiourea moiety.228 

 

 

Scheme 1.6 An activated monomer mechanism for the thiourea/(-)-sparteine-

catalysed ROP of L-lactide.228-229 

 

Lohmeijer et al. subsequently reported the use of the amidine superbase 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) in the ROP of cyclic esters.230 Although 

DBU exhibits high catalytic activity with more than 98% monomer conversion in 

just 2 h, this catalyst commonly causes transesterification side reactions, 

particularly as the reaction reaches high conversion.229 
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1.5.2 Reversible deactivation radical polymerisation 

Free-radical polymerisation (FRP) is one of the most widely used 

polymerisation approaches, particularly for the production of many commodity 

polymers, however it is regarded as a non-controlled method and commonly 

affords high dispersity polymers with uncontrolled molecular weights.231 In the 

1990s, based on the understanding and integration of polymer chemistry 

developed over the past 60 years,232 the field was revolutionized by the advent 

of a series of living/controlled radical polymerisations204 that are now more 

commonly referred to as reversible deactivation radical polymerisation 

(RDRP)233. This technique overcomes many disadvantages associated with 

conventional FRP, namely providing low dispersity polymers with predictable 

molecular weight, while maintaining its versatility. Moreover, RDRPs can be 

used to synthesize complex polymer architectures including intricate topologies 

or compositions (Figure 1.16)234 in addition to precise telechelic polymers235, 

all of which are unattainable using conventional FRP. 

 

 

Figure 1.16 Examples of polymeric structures obtained from RDRP.234 
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In conventional FRP, free radicals initiate fast chain propagation, but they have 

limited lifetimes and eventually quench the polymerisation via bimolecular 

termination reactions. However, in RDRP the lifetime of growing radicals can 

be extended to several hours, which reduces the polymerisation kinetics but 

also leads to macromolecules with pre-defined molecular weight, narrow 

dispersity, and controlled compositions and functionalities.234, 236 This distinction 

is one of the significant differences between conventional FRP and RDRP, 

where the mechanism of extending the lifetime of radicals in RDRP is a dynamic 

equilibration of rapid exchange between active and dormant sites.237 The 

dormant species are generated by the reactions between the persistent radicals 

or chain transfer agents (CTAs) in RDRP and the propagating radicals, termed 

deactivation or transfer reaction. In contrast, the activation reactions can 

regenerate propagating radicals from the dormant species. 

1.5.2.1 Classification of reversible deactivation radical 

polymerisation 

In the last decade, as a versatile and robust synthetic technology, several 

RDRP methods have achieved significant progress including: stable free-

radical polymerisation (SFRP) with the most common example being nitroxide-

mediated polymerisation (NMP), atom-transfer radical-polymerisation (ATRP), 

and reversible addition-fragmentation chain transfer (RAFT) polymerisation.232, 

234 The distinction between these three approaches is in the degenerative chain 

transfer process, where SFRP and ATRP belong to the persistent radical effect 

(PRE).238-239 In comparison, the RAFT polymerisation isn’t compatible with the 

PRE as a consequence of its transfer-dominated mechanism of the 

polymerisation.237 NMP is widely applied to the polymerisation of styrene and 

acrylates237, however there are several limitations of the method, which include 

slow reaction kinetics, elevated reaction temperatures (typically > 100 ˚C), and 

a limited monomer scope.240 Compared to NMP, ATRP is a more versatile 
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polymerisation method featuring a large monomer scope (which includes 

acrylonitriles and vinyl pyridines in addition to styrenes and (meth)acrylates) 

under mild reaction conditions. However, in many instances the removal of 

residual metal catalysts is an enormous challenge for the industrial process and 

biomedical applications.241-242 Although the metal catalyst can be avoided in the 

photoinduced metal-free ATRP method,243-246 the application of ATRP still yields 

several few disadvantages, which include the inability to regulate the catalyst 

activity,247 and the invalidation to polymerise specific monomers that could 

poison the catalyst such as acrylic acid or acrylamide.248 

1.5.2.2 Reversible Addition-Fragmentation Chain Transfer 

Polymerisation 

After the first RAFT study reported by Moad, Rizzardo, Thang, and coworkers 

in 1998,211, 249 the RAFT polymerisation has received increasing emphasis in 

synthesizing polymers with well-defined architectures, narrow molecular weight 

distribution (1.05 < Đ < 1.40), and predictable molecular weights.250-252 This 

technique exhibits many advantages in comparison with other RDRP methods. 

For instance, RAFT polymerisation offers faster polymerisation kinetics under 

mild conditions in comparison with NMP. Besides, RAFT polymerisation 

eliminates the need for the metal catalysts frequently required in ATRP253-255 

and positions RAFT as a more advantageous technique to make polymers for 

biomedical applications. Moreover, broader compatibility with more monomer 

classes and facile protection/deprotection of functional groups makes RAFT 

polymerisation particularly useful for chain extension reactions such as the 

preparation of BCPs.211, 256 Therefore, these advantages also make RAFT 

polymerisation a useful tool to prepare well-defined and low disperse 

macromolecules with complex architecture and functionality including star,257 

graft,258 comb,259 and cyclic260 polymers. 
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Unlike NMP and ATRP where both techniques rely on the equilibrium between 

a dormant species and an active radical chain end, the reaction control in RAFT 

polymerisation is achieved by an equilibrium between active chains through a 

reversible transfer reaction of the CTA. In the typical RAFT mechanism with 

thiocarbonylthio (S=C-S) groups both initiation and bi-radical termination are 

similar to traditional FRP (Scheme 1.7). However, in the initiation stage, the 

amount of active radicals in RAFT polymerisation is comparatively low, 

minimizing the possibility of undesirable chain termination or the generation of 

dead chains and thus leads to a polymer with good chain end fidelity and 

controllable molecular weights. 

 

 

Scheme 1.7 Schematic representation for a typical RAFT process.232 

 

After the initiation stage, a propagating radical (P•
m) is added to the 

thiocarbonylthio compound (RS(Z)C=S, termed CTA), followed by the 

generation of a polymeric thiocarbonylthio compound (PmS(Z)C=S, termed 
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macro-CTA) and a new radical (R•) via fragmentation of the intermediate 

radicals. The new radical (R•) is used for the initiation of monomers to form 

another propagating radical (P•
n), which is termed the reinitiation stage. Then, 

the rapid chain equilibration (RAFT equilibria) between the active propagating 

radicals (P•
m or P•

n) and the dormant polymeric thiocarbonylthio compounds 

(PnS(Z)C=S or PmS(Z)C=S) is biased toward dormant chains resulting in an 

equal probability of chain growth for each polymer chain and, therefore, the 

formation of polymers with narrow dispersity. When all the CTA has reacted, the 

eventual chain equilibrium is achieved and the polymers can be isolated with 

thiocarbonylthio end-groups.232 Similar to NMP and ATRP, the mediating group 

(thiocarbonylthio group, in this case) remains at the end of the polymer chain, 

which provides a possibility to use the isolated polymer as a macro-initiator for 

further monomer addition to form BCP architectures. 

 

To synthesize well-defined polymers by RAFT polymerisation, the chain transfer 

constant (Ctr) is considered. Both the Z and R groups in CTAs (or RAFT agents, 

Figure 1.17) are important because the electronic properties of the Z group and 

the stereoelectronic properties of the R group determine the chain transfer 

activity of the RAFT agents, and then affect the addition and fragmentations 

rates.261 The R group in the RAFT agent should be a good leaving group 

compared with the propagating polymer chain during the rapid chain 

equilibration. Additionally, it should be an effective initiating species for the 

polymerisation and simultaneously stabilize the thiocarbonylthio radical 

intermediate.250 According to the previous studies, the choices of R group are 

shown in the following order (Figure 1.18).262 

 

 

Figure 1.17 A generic structure of the RAFT agent. 
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Figure 1.18 General guidelines for selection of RAFT agent R group for various 

polymerisations. Both transfer coefficients and fragmentation rates decrease 

from left to right. A dashed line indicates partial control. Abbreviations: MMA is 

methyl methacrylate, HPMAM is N-(2-hydroxypropyl)methacrylamide, St is 

styrene, MA is methyl acrylate, AM is acrylamide, AN is acrylonitrile, VAc is vinyl 

acetate, NVP is N-vinylpyrrolidone, and NVC is N-vinylcarbazole.262 

 

The Z group is utilized to stabilize the radical intermediates and strongly 

stabilizing groups can, in particular, favour the formation of the intermediate 

species to improve the reactivity of the C=S bond toward radical addition. 

However, if the intermediate species is too stabile this can hinder the 

fragmentation reaction to the reinitiate radical (R•). Many studies have 

investigated the effect of the Z group, the choices of Z group are shown in the 

following order (Figure 1.19).262 
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Figure 1.19 General guidelines for selection of RAFT agent Z group for various 

polymerisations. Addition rates decrease and fragmentation rates increase from 

left to right. A dashed line indicates partial control. Abbreviations: MMA is methyl 

methacrylate, HPMAM is N-(2-hydroxypropyl)methacrylamide, St is styrene, 

MA is methyl acrylate, AM is acrylamide, AN is acrylonitrile, VAc is vinyl acetate, 

NVP is N-vinylpyrrolidone, and NVC is N-vinylcarbazole.262 

 

Additionally, efficient post-polymerisation end group removal/modification of 

RAFT agents has been realized via several strategies including thermolysis, 

radical-induced reduction, and hetero-Diels-Alder reactions.263 However, the 

most common approach is to treat the polymer with a nucleophilic amine where 

the trithiocarbonates react with primary or secondary amines to form a thiol, 

which can be used in thiol-ene click reactions by Michael addition process 

(Scheme 1.8).263 

 

 

Scheme 1.8 Schematic representation for a typical end group modification 

process of a trithiocarbonate with an acrylate. 
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1.6 Nanoparticle analysis 

A wide range of nanostructures can be obtained by the solution self-assembly 

of BCPs. To accurately analyse their morphologies and sizes, multiple 

techniques can be employed such as transmission electron microscopy (TEM), 

atomic force microscopy (AFM), and scattering techniques such as WAXS or 

SAXS. In order quickly and effectively characterise the uniform cylindrical and 

rhombic nanoparticles that are featured in this thesis, TEM and AFM were 

employed as the primary method. This is because scattering techniques cannot 

effectively analyse cylinderical and lamellar structures. 

1.6.1 Transmission electron microscopy 

In the early 20th century, TEM was developed to overcome the low-resolution 

drawbacks of optical microscopy.264 Based on the wave-like characteristics of 

electrons, it can provide informative analysis at the atomic scale level265-266, 

such as composition/structure, crystallinity, and phase267-269. Besides, several 

detectors that include the energy dispersive X-ray spectrometry (EDX) detector 

and the annular dark field detector can also be loaded into the TEM to extend 

its capabilities270 for analysing various samples from chemistry,271 biology,272 

and materials science.273-274 

 

During normal TEM operation, the electron beam is focused by adjusting the 

electromagnetic lenses and this beam passes through the specimen, 

interacting with atoms, to capture the image. Specifically, the mechanism of 

imaging in TEM is associated with the mass-thickness contrast (Figure 1.20), 

where the areas containing higher relative atomic mass or thicker materials 

appear darker by scattering more electrons. In contrast, the lower areas with 

lower relative atomic mass or thinner materials appear brighter. 
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Figure 1.20 Mechanism of mass-thickness contrast in TEM, where differences 

in mass and thickness cause image contrast in a bright-field TEM image.275 

 

Based on this theory, the observed object should scatter more electrons than 

the substrate to obtain good contrast. However, the nanoparticles prepared by 

BCPs normally consist of carbon, hydrogen, and oxygen atoms, which cannot 

easily differentiate from the thin graphene oxide substrates that are used as 

platform materials. Therefore, to improve the contrast of the polymeric micelles, 

the heavy metal stains are often applied, such as uranyl acetate and 

phosphotungstic acid. These stains can selectively bind to the particles or the 

substrate, which results in positive staining combined with micelles or negative 

staining combined with the background (Figure 1.21).276 Although staining 

could enhance the contrast for imaging, the diffusion uniformity of stains, the 

concentrations and the types of stains still affect the quality of the images. Also, 

the stains can cover the information of the nanoparticle internal structures and 

occasionally generate artifacts on the TEM grid. 
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Figure 1.21 The (a) positive stain and (b) negative stain of TEM images of PCL-

based cylindrical nanoparticles stained using uranyl acetate (1 wt. % in 

ultrapure water (18.2 MΩ·cm)). 

 

In normal TEM operation, a high vacuum environment is required to minimize 

the interaction of electrons and air, which precludes the ability to analyse 

nanoparticles suspended in liquid media. Therefore, most TEM samples 

undergo a drying process on a substrate before analysis. However, this can 

potentially affect the dimensions and morphologies of nanoparticles,277 where 

the solvophilic segment of BCPs micelles collapses during the drying, leading 

to smaller sizes in comparison to the particle sizes in solution. In addition, the 

micelles may form clusters during the drying process by the surface tension of 

the solvent and lead to misleading array formations, collapsed aggregates, and 

hierarchical structures.278 However, these disadvantages can be overcome by 

using the cryo-TEM technique that vitrifies the liquid and the transient structures 

within a single time point, allowing the direct observation of the evolution of 

shape, size, and crystallinity of materials over time as a series of “snapshots”.279 

Nevertheless, cryo-TEM imaging is a costly and time-consuming effort, not to 

mention that the formation of ice-crystals during the freezing process can 

interfere with imaging.278, 280 
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1.6.2 Atomic force microscopy 

In 1986, AFM was developed to investigate the information of materials at the 

nanoscale level,281 offering wide applications in material science,282-283 

nanofabrication,284-285 and biological science.286-287 This technique directly 

probes the material surface by grazing a sharp tip located at the end of a 

cantilever scanning over the material surface, followed by the laser detection of 

the interaction between the tip and the sample.288 In standard operation, a laser 

beam is focused on the back of the cantilever over the tip. When the tip scans 

the material surface, the angular deflection of the reflected laser beam can be 

detected with a position-sensitive photodiode where the magnitude of the 

deflection is determined by the interaction force between the tip and the 

material. This deflection is sensitive to the 3D position of the tip and ultimately 

provides detailed information of surface topography and stiffness (Figure 

1.22).289 

 

 

Figure 1.22 Diagram of AFM working principle.289 

 

In general, AFM has two contact techniques (contact mode and dynamic mode) 

to probe the sample. The contact mode offers high-resolution images because 

the surface is measured by raster scanning. However, it can potentially damage 

soft samples due to the large amount of lateral force that is generated.289 To 

reduce the interference of this lateral force, the dynamic mode can be to 
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measure the sample, where the cantilever instead oscillates on the surface.290-

291 Therefore, the material topography can be intimately mapped by detecting 

the oscillation amplitude when the tip intermittently contacts the surface.292 

Nevertheless, the ineluctable frictional and adhesive force between the tip and 

sample still disturbs the imaging clarity.293 Another disadvantage of AFM is that 

the 3D information of nanoparticles may be still lost during the drying process 

when samples are mapped in the solid-state. However, in some cases it is 

possible to directly image samples suspended in liquid using AFM, thus 

providing a more representative description of the actual material character. 

Although the AFM delivers topographic information of materials unlike TEM 

analysis,294 it still causes artifacts by tip-sample convolution effects (Figure 

1.23),295 which is determined by the finite sharpness and characteristic 

geometry of the tip.296-298 Therefore, AFM is commonly combined with TEM in 

order to collect a more in-depth profile of the material, especially as it relates to 

information of nanoparticles in solution. 

 

 

Figure 1.23 Diagram of AFM convolution effects, where the size of 

nanoparticles appears bigger, and the shape of nanoparticles in the image is 

slightly anamorphic. 

1.6.3 Scattering techniques 

Scattering techniques can provide quantitative measurements of the average 

structural and dynamical properties of nanoparticles in a non-destructive 

approach.299 During the test, when a source of radiation points to the samples 

and interacts with the nanoparticles, a change in trajectory, such as scattering, 
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can be detected at a particular angle. The best results can be obtained when 

the wavelength of the radiation is approximately the same as the size of the 

structure scattered the radiation.299 Usually, the scattering techniques include 

dynamic light scattering (DLS),300 static light scattering (SLS),301 small-angle 

and wide-angle X-ray scattering (WAXS and SAXS),302 and small-angle neutron 

scattering (SANS).303-304 

 

Although scattering techniques can collect statistical measurement data, such 

as the size distribution, shape, and molecular weight of the nanoparticles,304-305 

they may be ineffective when analysing nanoparticles with specific 

nanostructures or multiple dispersed populations.306 For example, scattering 

techniques commonly analyse the nanoparticles from 10 nm to 1 μm as a 

consequence of the shorter wavelengths of the X-rays or neutrons.307 However, 

the size of the nanoparticles used in this work is more than a micron, which 

approaches the limit of these techniques. Therefore, as a consequence of the 

limitations of light scattering technology, it isn’t one of the main characterisation 

techniques for analysing nanoparticles in this study so that its detail isn’t 

discussed. 

 

In addition, another technique based on light scattering is the zeta-potential (ζ-

potential), which is used to characterise the surface charge of nanoparticles, 

obtaining the stability information of the micelles in solution and their surface 

interaction with other molecules.307 It is also termed as electrokinetic potential, 

which reflects the potential difference between the electric double layer (EDL) 

of the electrophoretic mobile nanoparticles and the layer of dispersant around 

them at the slipping plane (Figure 1.24).307-309 In general, the EDL has two 

layers, which include the inner Stern layer consisted of opposite charge and the 

outer diffusive layer composed of both opposite and same charge.307 In the 

electrical field, a hypothetical edge acts as the interface between the 
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nanoparticles and the layer of the dispersant around them, in which this 

hypothetical boundary is termed characteristic slipping/shear plane and the 

electrostatic potential at this particle-fluid interface is considered the zeta-

potential.308, 310 As a hypothetical plane, the zeta-potential can’t be measured 

directly. However, under an applied electric field, it can be calculated by the 

electrophoretic mobility (μe) of charged nanoparticles, termed Henry's equation 

(Equation 1.2),310 where ζ is the zeta-potential value, 𝜂  is the viscosity of 

solvent at the experimental temperature, 𝜇𝑒 is the electrophoretic mobility, 𝜀𝑟 

is the relative dielectric constant of the dispersant, 𝜀0 is the permittivity of free 

space, and  𝑓(𝐾𝑎)  is the Henry's or Helmholtz-Smoluchowski function 

assumed to be 1 for organic solvent or 1.5 for aqueous solvent.307, 310-312 While, 

the electrophoretic mobility can be calculated (Equation 1.3), where 𝑣𝑒 is the 

electrophoretic velocity and 𝐸 is the electric field strength. 

 

For antibiotic applications, cationic nanoparticles (positive charged) are 

commonly utilized. In the aqueous medium, the zeta-potential is often 

influenced by the pH of the solution. At high pH, the zeta-potential of cationic 

nanoparticles is near zero, which indicates relatively low stability. In contrast, at 

low pH, the nanoparticles exhibit a high positive value of zeta-potential that 

indicates relatively stable cationic particles. However, for the anionic 

nanoparticles, a negative value of zeta-potential at high pH indicates relatively 

stable anionic particles. 
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Figure 1.24 Schematic representation of the EDL that surrounds a negatively 

charged nanoparticle in an aqueous medium. The nanoparticle surface is 

surrounded by a firmly adhered layer, termed Stern layer, which comprises of 

ions of opposite charge, i.e., positive ions in this case. Beyond it, the Stern layer 

is surrounded by a diffuse layer, which consists of both positive and negative 

charges. In the electrical field, the nanoparticle with adsorbed EDL moves 

towards the electrodes, the positive one in this case. During the electrophoresis, 

the slipping plane around the nanoparticle is considered as the interface 

between the mobile particles and dispersant, where the ζ-potential is the 

electrokinetic potential at this slipping plane. 

 

𝜁 =
3𝜂𝜇𝑒

2𝜀𝑟𝜀0𝑓(𝐾𝑎)
   Equation 1.2 

 

𝜇𝑒 =
𝑣𝑒

𝐸
   Equation 1.3 
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1.7 Summary 

In this thesis, the development of new polymeric cylindrical and rhombic 

micellar systems with controlled dimensions by CDSA are used prepare 

nanocomposite hydrogels. As such, a range of concepts ranging from 

biomaterials science to polymer synthesis to nanoparticle analysis were 

discussed in this chapter. Initially, a thorough biomechanical description of 

native ECM was provided along with the use of nanocomposite hydrogels as 

synthetic mimics. Different categories of synthetic hydrogels were introduced, 

and their potential applications were discussed with select examples. The use 

of polymer fibres for mimicking collagen fibres in ECM was also described. 

Following this, the self-assembly processes of polymers, particularly block 

copolymers, in solution was briefly introduced along with the limitations related 

to difficulties achieving nanostructures with controlled dimensions and different 

morphologies. To overcome this drawback, the concept of CDSA and the 

underlying principles were presented, where the formation of nanoparticles with 

rationally controlled size and morphology were highlighted. Then, several 

controlled polymerisation techniques for preparing block copolymers were 

presented with particular focus on RAFT polymerisation. Finally, the key 

techniques for characterising nanoparticles presented within this thesis i.e., 

determination of size and morphology, were also outlined. 

 

To our knowledge, the implantation of cylindrical and rhombic nanostructures 

with accurate dimensions and narrow length dispersity into natural polymer 

hydrogels for mimicking the morphological microenvironments of the native 

extracellular matrix is a very nascent research area. This thesis focuses on the 

design and development of new polymeric micellar systems with controlled 

dimensions to mimic collagen fibres, which include cylindrical (1D) and rhombic 

(2D) nanostructures. In combining these with natural polymer hydrogels, the 

synthetic nanocomposite hydrogels are capable of mimicking 



 

50 

 

microenvironments of native ECM, which provides access to explore the 

relationship between the sizes of nanoparticles and the mechanical properties 

of ECM hydrogel analogues. These materials offer a promising opportunity to 

probe how matrix composition and stiffness affect cell-matrix interactions, cell 

behaviour, and ultimately cellular function. All of these processes are involved 

in ageing processes and the ability to examine them in controlled synthetic 

environments should help resolve age-related diseases and improve 

regenerative therapies in tissue engineering. 
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1.8 Aims and Objectives 

The doctoral project is composed of two primary aims. First, the CDSA 

behaviour of PCL-based and PLLA-based block copolymers was examined in 

order to explore whether the 1D cylindrical micelles with controlled length and 

2D rhombic platelets with controlled sizes were obtained. Secondly, the 

nanoparticles were embedded into nanocomposite hydrogels where the 

relationship between the size of nanoparticles and their corresponding effects 

on the mechanical properties of the gels was explored. Specific objectives of 

this project are: 

⚫ Synthesis of PCL50-b-PMMA20-b-PDMA200 triblock, PCL55-b-PMMA19-b-

PTA142 triblock, and PLLA32-b-PDMAEMA203 diblock copolymers using ring 

opening polymerisation (ROP) and reversible addition-fragmentation chain-

transfer (RAFT) polymerisation. 

⚫ Investigation of the spontaneous nucleation of PCL-based triblock 

copolymers to prepare 1D polydisperse cylinders, and PLLA-based diblock 

copolymers to obtain 2D rhombic platelets with controlled sizes. 

⚫ Preparation of 1D neutral polymer fibres and 1D cationic polymer fibre 

bundles with controllable lengths from PCL50-b-PMMA20-b-PDMA200 and 

PCL55-b-PMMA19-b-PTA142 triblock copolymers, respectively, using a 

controlled epitaxial growth method. 

⚫ Preparation of nanocomposite hydrogels with embedded nanoparticles 

possessing different morphologies and sizes to explore the relationship 

between the nature of the nanoparticle and the mechanical properties of 

nanocomposite hydrogels. 

⚫ Evaluation of the antibacterial activity of cationic polymer fibre bundles to 

investigate how micellar size affects their performance. 
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mechanical properties of alginate hydrogel matrices 
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2.1 Abstract 

Hydrogels based on biopolymers, such as alginate, are used as scaffolds in 

tissue engineering applications because they mimic the features of the native 

extracellular matrix (ECM). However, they tend to present poor mechanical 

performance and a lack of biological functionalities. Herein, we have exploited 

a crystallisation-driven self-assembly (CDSA) methodology to prepare well-

defined 1D structures with controlled length to act as the fibrillar collagen in 

native ECM and improve the mechanical strength of alginate-based hydrogels. 

Specifically, poly(ɛ-caprolactone)-block-poly(methyl methacrylate)-block-

poly(N,N-dimethyl acrylamide) triblock copolymers self-assembled into 1D 

cylindrical micelles with precise lengths by applying the epitaxial growth method 

of CDSA. Then, the cylindrical polymeric nanoparticles, which displayed 

specific lengths, were combined with alginate hydrogel networks to render 

nanocomposites with enhanced mechanical performance. By rheological 

characterisation, it was found that the cylindrical structures increased the 

strength of hydrogels under shear strains. Moreover, the strain at the flow point 

of alginate-based hydrogel increased with the nanoparticle content. Indeed, it 

was enhanced by up to 37% by loading cylindrical nanoparticles of 500 nm. 

Overall, 1D nanoparticles with controlled length formed by CDSA can be 

exploited as fibrillar collagen mimics to build ECM scaffold models to explore 

the relationship between the size of collagen fibres and the mechanical 

properties of the matrix. 
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2.2 Introduction 

Fibrillar collagen, as the basic building block for tissues, represents over 90% 

of the total abundant collagen family.1-2 In vivo, most ECMs are formed by a 

hydrogel-like network of fibrous proteins, which is composed of fibrillar collagen, 

elastin, and a soft matrix combining proteoglycans and polysaccharides.3-4 The 

physical properties and mechanical response exhibited by ECMs are 

significantly influenced by their filamentous nature, which then affects cellular 

processes, such as mechanotransduction.5-6 During healthy ageing, the fibrillar 

collagen content in many organs and tissues decreases, thus diminishing the 

integrity and strength of the ECM, which are fundamental to tissue and organ 

correct function.7-8 For example, age-related skin wrinkling and stiffening of 

arteries are caused by the loss in the integrity of fibrous proteins with age, which 

changes the mechanical properties of tissues.9 To explore the effect of fibrillar 

collagen size on ECM mechanical properties, hydrogels have become 

promising materials because of their properties. Indeed, not only can hydrogels 

reproduce ECM microenvironments, but also their mechanical properties.10 

Hence, by tailoring and designing the features of hydrogel-based systems, they 

can precisely satisfy specific biomedical applications.11-12 

 

Alginate, as a widely used polysaccharide,13 has been generally chosen to 

produce matrices for tissue engineering applications because of its many 

advantages, such as low cytotoxicity, biocompatibility, non-immunogenicity, 

injectability, and low cost.14 However, naturally-derived hydrogels are 

structurally weaker than synthetic hydrogels.15 Because alginate-derived 

hydrogels don’t display a fibrillar structure, they present poor mechanical 

properties (i.e., strength and stiffness),16-17 in addition to a lack of biological 

functionalities.16 A range of nanocomposite hydrogels has been obtained by 

combining nanoparticles and natural biopolymers,18-21 where the mechanical 

properties of the natural hydrogel network were enhanced by the interaction 
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between the added nanostructures and the biopolymer chains. Such interaction 

was capable of tuning the stiffness, porosity, and nanostructure of the hydrogel, 

thus improving its overall performance as a biomaterial.10-11, 22-24 Despite some 

promising achievements to date, for example, exploring the effect of 

nanoparticle morphology on the mechanical properties of hydrogels,11, 24 the 

precise control of the nanocomposite size and its influence on the hydrogel 

mechanical properties is rarely reported and hence it remains an attractive and 

challenging area of research. The ideal hydrogel biomaterial should meet 

certain conditions, which include biocompatibility, biodegradability, and 

appropriate mechanical properties,25-28 such as maintaining a certain 

mechanical strength and stiffness even under the swelling state of hydrogels.29 

Meanwhile, the features of the anisotropic structures are also important for 

providing directionality and guidance.30-32 For instance, filamentous 

extracellular protein networks showed stiffening with increasing shear strain, 

probably caused by collective rearrangements of the filaments.33-34 Notably, 

contrary to filamentous networks, many synthetic fibrillar hydrogels are shear-

thinning. The viscosity decreases in response to increasing shear strain 

because of the breaking of the hydrogel network, which is capable of the 

injection of hydrogel into the body with a syringe,35 followed by a rapid recovery 

of the mechanical properties.10 Thus, in order to fully understand the complexity 

of composite hydrogels, modelling the role of 1D nanoparticle sizes that 

enhance the shear strength of the alginate-based hydrogels can aid to explain 

the relationship between fibrillar collagen size and the mechanical properties of 

the native ECM, which is still an open area of research.36 

 

To mimic the fibrous architecture of the native ECM, precise control over the 

formation of polymer fibres that also display biocompatible and biodegradable 

properties is vital. By tailoring nanostructures with controlled size,24 the polymer 

fibres exhibited intriguing similarities with natural fibres, which gave access to 
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mimicking fibrillar collagen. To precisely control the size of polymer fibres, the 

solution crystallisation of polymers with a semi-crystalline core-forming block 

made considerable headway for preparing cylindrical micelles with controlled 

dimensions, such as polyferrocenylsilane,37 poly(ɛ-caprolactone),38 

polylactide,39 and oligo(p-phenylenevinylene).40 Previous reports used 

biocompatible and biodegradable poly(ɛ-caprolactone) (PCL)-based 

copolymers to form cylindrical assemblies with controlled dimensions by 

epitaxial growth, which led to the manufacture of biocompatible fibrillar 

hydrogels in situ.38 Besides, the influence of the polymeric nanoparticle shape 

on material properties was explored through controlling their morphologies, 

which were precisely tuned by crystallisation-driven self-assembly (CDSA). 

When calcium-alginate hydrogels are blended with nanostructures with 

different morphologies, which included 0D spheres, 1D cylinders, and 2D 

platelets, the mechanical strength of the nanocomposite hydrogels was 

enhanced in different degrees. The 2D nanostructures exhibited a significant 

increase, compared to the 0D or 1D nanoparticle counterparts.24 Although PCL-

based cylindrical micelles could form hydrogels, and nanoparticle morphologies 

could regulate the mechanical strength of the nanocomposite hydrogels, to date, 

utilizing PCL-based cylindrical micelles of controllable lengths to precisely 

adjust the mechanical properties of nanocomposite hydrogels has not been 

achieved yet. The outcome of such advance can further help to understand the 

relationship between nanofiller size and the strength of the nanocomposite 

hydrogels. 

 

In this study, the introduction of polymeric cylinders gave naturally-derived 

hydrogels a fibrillar structure (Scheme 2.1), where the mechanical strength of 

nanocomposite hydrogels under shear strains improved with the nanoparticle 

content. Besides, the 500 nm cylindrical nanoparticles resulted in a significant 

increase in the resistance of the nanocomposite hydrogels (i.e., break under 
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strain) over their counterparts with other lengths, where the strain at the flow 

point was enhanced up to 37%. This study gives access to mimicking collagen 

fibres and exploring the effect of their size on ECM mechanical properties, 

which revealed that the nanoparticle size, in this case cylinder length, is one of 

the critical factors to precisely tune the mechanical properties of alginate-based 

hydrogel networks. 

 

 

Scheme 2.1 Formation of PCL-based cylindrical micelles with various lengths 

by the epitaxial growth, and the fabrication of cylinder embedded 

nanocomposite hydrogels. 
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2.3 Results and discussion 

To investigate the effect of nanoparticle sizes on the mechanical strength of 

nanocomposite hydrogels, the cylindrical micelles with different lengths were 

firstly prepared. According to previous literature, PCL block copolymers 

produce cylindrical nanostructures by crystallisation-driven self-assembly 

methodologies,41-43 where the cylinder length is controlled by epitaxial growth.24 

To overcome the disassembly of cylindrical micelles in water, which was 

attributed to the swelling of the corona block and subsequent fracture by the 

stress-induced to the crystalline core, a glassy, highly hydrophobic polymer 

block was used to protect the PCL core. Therefore, following this strategy, 

poly(ɛ-caprolactone)-block-poly(methyl methacrylate)-block-poly(N, N-dimethyl 

acrylamide) (PCL-b-PMMA-b-PDMA) triblock copolymers were prepared. Then, 

the polymer fibres were blended into alginate hydrogels, which were utilized as 

a model matrix because of their good biocompatibility and low cost to mimic the 

native ECM with a fibrillar structure. 

2.3.1 Synthesis of PCL-b-PMMA-b-PDMA triblock copolymers 

2.3.1.1 Synthesis of dual-headed CTA 

The synthesis of the PCL-b-PMMA-b-PDMA triblock copolymers was achieved 

by combining the ring-opening polymerisation (ROP) of ɛ-caprolactone and the 

reversible addition-fragmentation chain transfer (RAFT) polymerisation of 

methyl methacrylate (MMA) and N,N-dimethyl acrylamide (DMA), where a dual-

headed initiator/chain transfer agent (CTA), was used as the initiator in ROP 

and a CTA in RAFT polymerisation. The synthesis of the dual-headed CTA was 

reported previously (Scheme 2.2).44-45 
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Scheme 2.2 Synthesis of the dual-headed CTA. 

 

The obtained products, which included the intermediate 4-cyano-4-

(((ethylthio)carbonothioyl)thio)pentanoic acid (CEPA, Scheme 2.2) and the 

subsequent 2-cyano-5-hydroxypentan-2-yl ethyl carbonotrithioate (CHPET, 

Scheme 2.2), were purified by silica gel flash column chromatography to 

remove impurities. Finally, the CHPET was obtained in a 65% yield after drying 

under vacuum as an orange oil. Proton nuclear magnetic resonance (1H NMR) 

spectroscopic analysis indicated the successful synthesis of CEPA and CHPET 

(Figure 2.1). 

 

Figure 2.1 1H NMR spectra (400 MHz, CDCl3) of (a) CEPA and (b) CHPET. 
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2.3.1.2 Synthesis of PCL homopolymers 

To tune the dimensions of polymer fibres, a series of PCL-based macro-CTAs 

with various chain lengths (PCL50, PCL100, PCL150) were synthesized in dry 

toluene by ROP of ɛ-caprolactone in a nitrogen-filled glove box at room 

temperature (RT), where the CHPET was the initiator, while the diphenyl 

phosphate (DPP) was the catalyst (Scheme 2.3). To minimize 

transesterification, the kinetics of the ROP step was studied (Figure 2.2), and 

the reaction was quenched when the monomer conversion achieved 83%, 

followed by precipitation in diethyl ether. 

 

 

Scheme 2.3 ROP of ɛ-CL by using CHPET as the initiator and DPP as the 

catalyst. 

 

 

Figure 2.2 Semi-logarithmic plot of polymerisation rate against reaction time 

for the synthesis of PCL50, PCL100, and PCL150 homopolymers. 
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The successful synthesis of PCL homopolymers was indicated by 1H NMR 

spectroscopy (Figure 2.3). The degree of polymerisation (DP) was calculated 

by end-group analysis (Table 2.1), which compares the integration of 

characteristic signals. In this case, methylene resonances in the polymer 

backbone were observed at δ = 4.06 ppm and δ = 2.30 ppm, while its end group 

signal was at δ = 3.65 ppm (Figure 2.3). 

 

 

Figure 2.3 Overlaid 1H NMR spectra (300 MHz, CDCl3) of PCL homopolymers 

with different degrees of polymerisation. 
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Table 2.1 Characterisation data of PCL homopolymers. 

Samples DPPCL 
a 

Mn 
a 

(kg mol-1) 

Mn 
b 

(kg mol-1) 

Mw 
b 

(kg mol-1) 
ĐM b 

PCL50 52 6.2 13.1 14.3 1.09 

PCL100 98 11.3 21.8 23.2 1.07 

PCL150 152 17.3 31.7 34.9 1.10 

a Measured by 1H NMR spectroscopy in CDCl3. b Measured by GPC analysis 

(DMF, refractive index (RI), and ultraviolet (UV309) detection). 

 

The size exclusion chromatography (SEC) of N,N-Dimethylformamide (DMF) 

eluent of the obtained PCL50, PCL100, and PCL150 homopolymers showed 

narrow dispersity (ĐM, against PMMA standards, Table 2.1), which indicated a 

well-controlled polymerisation (Figure 2.4a). The presence of the 

trithiocarbonate end group on the PCL homopolymers was confirmed in SEC 

chromatograms by using the UV-vis detector (λ = 309 nm, Figure 2.4b), which 

is corresponding to the π-π* electronic transition of the trithiocarbonate end 

group.46 
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Figure 2.4 Overlaid (a) RI and (b) UV (λ = 309 nm) SEC chromatograms of 

PCL50, PCL100, and PCL150 homopolymers using DMF with 5 mM NH4BF4 as 

eluent with poly(methyl methacrylate) (PMMA) standards. 

 

The matrix-assisted laser desorption/ionization time of flight (MALDI ToF) mass 

spectrometry measurements of the various PCL macro-initiators (Figure 2.5) 

were consistent with their expected molecular weight, calculated by 1H NMR 

spectroscopy, which demonstrated the controlled nature of PCL 

polymerisations. The m/z difference of PCL homopolymers was 114.14 g mol-1, 

which indicated minimal levels of water initiation and transesterification side 

reactions. Furthermore, the molecular weight and distribution showed that most 

of the homopolymers were charged with sodium, while few of them were 

charged with protons. 
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Figure 2.5 MALDI ToF mass spectra of (a) PCL50, (b) PCL100, and (c) PCL150 

homopolymers, which showed a m/z difference of 114.14 equivalent to a PCL 

repeat unit and, therefore, minimal transesterification. 
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2.3.1.3 Synthesis of PCL-b-PMMA diblock copolymers 

According to the previous research in our group,38 the cylindrical 

nanostructures formed from PCL-b-PDMA diblock copolymers disassembled 

when the cylinders were transferred into the water phase, which led to rapid 

polymer precipitation. This phenomenon was attributed to the swelling of the 

corona block in water, which caused stress to the crystalline structure and 

subsequent fracture. Therefore, methyl methacrylate (MMA), as a RAFT 

compatible monomer, was capable of synthesizing well-controlled poly(methyl 

methacrylate) (PMMA) with glassy and highly hydrophobic features, which 

offered the potential for preventing such disassembly.38 Herein, the RAFT 

polymerisation of MMA was undertaken by using the trithiocarbonate end group 

of the different PCL macro-CTAs in 1,4-dioxane at 70 °C using 2,2′-azobis(2-

methylpropionitrile) (AIBN) as the radical initiator (Scheme 2.4). After 5 h, the 

reaction reached 40% monomer conversion, as determined by 1H NMR 

spectroscopy. The product was purified by precipitation in methanol to obtain 

PCL-b-PMMA diblock copolymers. 

 

 

Scheme 2.4 RAFT polymerisation of MMA by using AIBN initiator. 

 

The 1H NMR spectra showed the successful synthesis of PCL-b-PMMA diblock 

copolymers with the same block ratio but varying chain length. The methyl 

resonances of PMMA repeat units were observed at δ = 3.59 ppm and δ = 1.02 

ppm, respectively (Figure 2.6). 
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Figure 2.6 Overlaid 1H NMR spectra (300 MHz, CDCl3) of PCL-b-PMMA diblock 

copolymers with same block ratio but different degrees of polymerisation. 

 

The SEC analyses in DMF eluent indicated that all the diblock copolymers were 

monomodal and showed narrow molecular weight distributions with no 

observed evidence of any low molecular weight species (ĐM, against PMMA 

standards, Table 2.2, Figure 2.7). The UV traces (λ = 309 nm) by detection in 

the SEC analysis confirmed the retention of the trithiocarbonate end group on 

the PCL-b-PMMA diblock copolymers. 
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Table 2.2 Characterisation data of PCL-b-PMMA diblock copolymers. 

Samples DPPCL 
a DPPMMA 

a 
Mn 

a 

(kg mol-1) 

Mn 
b 

(kg mol-1) 

Mw 
b 

(kg mol-1) 
ĐM b 

PCL50-b-PMMA20 52 20 8.2 15.9 17.4 1.10 

PCL100-b-PMMA40 97 36 14.9 25.7 27.9 1.09 

PCL150-b-PMMA60 152 51 22.6 36.6 41.7 1.14 

a Measured by 1H NMR spectroscopy in CDCL3. b Measured by GPC analysis 

(DMF, RI and UV309 detection). 

 

Figure 2.7 Overlaid (a) RI and (b) UV (λ = 309 nm) SEC chromatograms of 

PCL-b-PMMA diblock copolymers with same block ratio but different degrees 

of polymerisation using DMF with 5 mM NH4BF4 as eluent with PMMA 

standards. 
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Besides, the absence of PCL homopolymers was also confirmed by diffusion-

ordered spectroscopy (DOSY) NMR analysis, where only one diffusion 

coefficient was observed in the measured spectra of all polymers peaks (Figure 

2.8). 

 

 

Figure 2.8 DOSY NMR spectra (500 MHz, CDCl3) of (a) PCL50-b-PMMA20, (b) 

PCL100-b-PMMA40, and (c) PCL150-b-PMMA60 diblock copolymers. 

2.3.1.4 Synthesis of PCL-b-PMMA-b-PDMA triblock 

copolymers 

N,N-dimethyl acrylamide (DMA), which is a latent hydrophilic RAFT compatible 

monomer, has high reactivity to synthesize poly(N,N-dimethyl acrylamide) 

(PDMA). The RAFT polymerisation of DMA was undertaken by using the 

trithiocarbonate end group of the different PCL-b-PMMA macro-CTAs in 1,4-

dioxane at 70 °C with AIBN as the radical initiator (Scheme 2.5). After 1 h, the 
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reaction reached 90% monomer conversion as determined by 1H NMR 

spectroscopy, followed by quenching the reaction. PCL-b-PMMA-b-PDMA 

triblock copolymers were purified by precipitation in diethyl ether. 

 

 

Scheme 2.5 RAFT polymerisation of DMA by using AIBN initiator. 

 

The successful synthesis of PCL-b-PMMA-b-PDMA triblock copolymers with 

the same block ratio but varying chain lengths was verified by 1H NMR 

spectroscopy (Figure 2.9), where the methyl resonance of PDMA repeat units 

was observed at δ = 2.92 ppm, and the broad methylene resonance at δ = 2.63 

ppm. All triblock copolymers had narrow molecular weight distributions with no 

obvious evidence of any low molecular weight species, as evidenced by SEC 

(ĐM, against PMMA standards, Table 2.3, Figure 2.10). The UV traces (λ = 309 

nm) by detection in the SEC analysis confirmed the presence of the 

trithiocarbonate end group on the PCL-b-PMMA-b-PDMA triblock copolymers. 
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Figure 2.9 Overlaid 1H NMR spectra (300 MHz, CDCl3) of PCL-b-PMMA-b-

PDMA triblock copolymers with same block ratio but different degrees of 

polymerisation. 

 

Table 2.3 Characterisation data of PCL-b-PMMA-b-PDMA triblock copolymers. 

Samples DPPCL 
a DPPMMA 

a DPPDMA 
a 

Mn 
a 

(kg mol-1) 

Mn 
b 

(kg mol-1) 

Mw 
b 

(kg mol-1) 
ĐM b 

PCL50-b-

PMMA20-b-

PDMA200 

52 20 196 27.6 34.2 38.5 1.12 

PCL100-b-

PMMA40-b-

PDMA400 

97 36 354 50.0 52.4 61.8 1.18 

PCL150-b-

PMMA60-b-

PDMA600 

152 50 557 77.8 80.6 104.4 1.29 

a Measured by 1H NMR spectroscopy in CDCl3. b Measured by GPC analysis 

(DMF, RI, and UV309 detection). 
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Figure 2.10 Overlaid (a) RI and (b) UV (λ = 309 nm) SEC chromatograms of 

PCL-b-PMMA-b-PDMA triblock copolymers with same block ratio but different 

degrees of polymerisation using DMF with 5 mM NH4BF4 as eluent with PMMA 

standards. 

 

Moreover, DOSY NMR was also used to confirm the absence of PCL 

homopolymers and PCL-b-PMMA diblock copolymers. Indeed, the measured 

spectra of all polymers peaks only had one diffusion coefficient (Figure 2.11). 

 



 

92 

 

 

Figure 2.11 DOSY NMR spectra (500 MHz, CDCl3) of (a) PCL50-b-PMMA20-b-

PDMA200, (b) PCL100-b-PMMA40-b-PDMA400, and (c) PCL150-b-PMMA60-b-

PDMA600 triblock copolymers. 

2.3.2 Crystallisation-driven self-assembly of PCL-b-PMMA-b-

PDMA triblock copolymers with same block ratio but 

different chain lengths 

Initially, the spontaneous nucleation of PCL-b-PMMA-b-PDMA triblock 

copolymers with the same block ratio but different chain lengths was 

investigated to ascertain the self-assembly morphology. Based on previous 

successful self-assembly protocols with alcoholic solvents,38 ethanol was 

chosen as a selective solvent for the corona block. PCL50, PCL100, and PCL150-

based triblock copolymers were added into a vial with ethanol to prepare a 5 

mg mL-1 solution. Then, the solutions were heated at 70 °C, above the Tm (60 °C) 
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of PCL, for 3 h without stirring, followed by cooling down to RT. After the cooling 

procedure, the solution became turbid, which indicated the formation of high-

order nanostructured morphologies. After ageing for 1 day, PCL50-based 

triblock copolymers self-assembled in a mixture of micrometre long cylindrical 

micelles and spherical micelles (Figure 2.12a), whereas cylindrical 

nanostructures without spherical micelle impurities were obtained after ageing 

for 2 weeks at RT (Figure 2.12b), which was attributed to the slow 

crystallisation process of the spheres or remaining unimers onto the ends of the 

cylindrical micelles. In contrast, PCL100 and PCL150-based triblock copolymers 

only produced spherical or worm-like micelles (Figure 2.12c and d). 

 

 

Figure 2.12 TEM micrographs of cylindrical micelles formed using PCL-b-

PMMA-b-PDMA triblock copolymers by spontaneous nucleation in ethanol. (a) 

PCL50-b-PMMA20-b-PDMA200 cylinders aged for 1 day and (b) 14 days; (c) 

PCL100-b-PMMA40-b-PDMA400 cylinders aged for 14 days; (d) PCL150-b-

PMMA60-b-PDMA600 cylinders aged for 14 days. 1% uranyl acetate was used 

as a negative stain. Scale bar = 1 μm. 
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Wide-angle X-ray scattering (WAXS) was utilized to confirm the crystallisation 

of the core of PCL50, PCL100, and PCL150-based nanoparticles. The WAXS 

spectrum of PCL50-based cylinders (Figure 2.13) revealed two 2theta (2θ) 

peaks at ca. 21˚ and 24˚, which are characteristics of crystalline PCL.47-48 In 

contrast, both PCL100 and PCL150-based cylinders didn’t present 2θ peaks of 

crystalline PCL, which confirmed that no crystallisation had taken place. 

 

 

Figure 2.13 WAXS spectra obtained of nanoparticles prepared from PCL50, 

PCL100, and PCL150-based triblock copolymers. Only PCL50-based cylinder 

samples exhibited the 2θ peaks at ca. 21˚ and 24˚. 

 

Consequently, the self-assembly of PCL100 and PCL150 triblock copolymers in 

different selective solvents was investigated. Polymer solutions were heated at 

70 °C in methanol, 1-propanol, or 2-propanol for 3 h. However, after 2 weeks of 

ageing, all systems resulted in a mixture of spherical and worm-like micelles 

(Figure 2.14). Subsequently, the heating temperature and time were 

investigated to explore their effects on the CDSA behaviour of PCL100 triblock 

copolymers in ethanol. In this case, polymer solutions were heated at 90 °C for 

3, 6, and 9 h, respectively. Cylindrical nanostructures were observed at 2 days 

of ageing (Figure 2.15a, d, and g), whereas they disappeared to produce 
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spherical and worm-like micelles at 1 week and 2 weeks of ageing (Figure 

2.15b, c, e, f, h, and i). The self-assembly of block copolymers (BCPs) in 

solution is determined by the combined effect of kinetic49-50 and thermodynamic 

processes51-52. For most common self-assembly reactions of BCPs with long 

insoluble blocks, such as PCL100-b-PMMA40 segments, thermodynamics were 

restricted, which led to slow unimer exchange.50, 53 As a result, the self-

assembly of PCL100-based triblock copolymers was under kinetic control, and 

the resultant micelles were either generically trapped in non-equilibrium states 

or slowly rearranged towards the energetically favoured states,53-54 where the 

morphological transition occurred under thermodynamic control. 

 

 

Figure 2.14 TEM micrographs of nanostructures assembled by PCL100 and 

PCL150-based triblock copolymers in different selective solvents. (a) PCL100-b-

PMMA40-b-PDMA400 in methanol, (b) 1-propanol, (c) 2-propanol; (d) PCL150-b-

PMMA60-b-PDMA600 in methanol, (e) 1-propanol, (f) 2-propanol. 1% uranyl 

acetate was used as a negative stain. Scale bar = 1 μm. 
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Figure 2.15 TEM micrographs of nanostructures formed by PCL100-based 

triblock copolymers in ethanol at 90 °C with different heating times: 3 h with 

ageing for (a) 2 days, (b) 1 week, and (c) 2 weeks; 6 h with ageing for (d) 2 

days, (e) 1 week, and (f) 2 weeks; 9 h with ageing for (g) 2 days, (h) 1 week, 

and (i) 2 weeks. 1% uranyl acetate was used as a negative stain. Scale bar = 

1 μm. 

 

WAXS characterisation confirmed the amorphous state of the PCL block in 

PCL100-based nanoparticles prepared by heating at 90 °C for 3, 6, and 9 h with 

ageing for 2 weeks. The shallow 2θ peaks at 21˚ and 24˚ (Figure 2.16) 

indicated the poor capability to form cylindrical micelles by extending heating 

time. Thus, we assume that, during the ageing process, most of PCL100-b-

PMMA40-b-PDMA400 triblock copolymers were unable to undergo crystallisation. 

Moreover, because PCL100 triblocks had long PDMA corona, the spherical 

morphologies were the most favourable structures in order to avoid 

overcrowding.55 
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Figure 2.16 WAXS spectra of nanoparticles prepared by PCL100-based triblock 

copolymers in ethanol with different heating times, which showed very weak 2θ 

peaks at ca. 21˚ and 24˚. 

2.3.3 Synthesis of PCL-b-PMMA-b-PDMA triblock copolymers 

with various corona chain lengths 

As a result of the PCL100-b-PMMA40-b-PDMA400 and PCL150-b-PMMA60-b-

PDMA600 triblock copolymers not being able to form cylindrical micelles, the 

self-assembly behaviour of PCL100-based triblock copolymers with different 

corona chain lengths was investigated. The PCL100-b-PMMA40-b-PDMA200 and 

PCL100-b-PMMA40-b-PDMA600 were chosen and synthesized by RAFT 

polymerisation using the pre-selected PCL100-b-PMMA40 diblock macro-CTAs. 

DMA was polymerised by using the trithiocarbonate end group of the RAFT 

macro-CTAs in 1,4-dioxane at 70 °C with AIBN as the radical initiator (Scheme 

2.5). When the reaction time reached 1 h, the polymerisation with 55% 

(PDMA200) and 65% (PDMA600) monomer conversion was achieved, as 

determined by 1H NMR spectroscopy (Figure 2.17). Then, the triblock 

copolymers were purified by precipitation in diethyl ether for further 

characterisation. 
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Figure 2.17 1H NMR spectra (300 MHz, CDCl3) of PCL-b-PMMA-b-PDMA 

triblock copolymers with different corona chain lengths. 

 

The successful synthesis of PCL-b-PMMA-b-PDMA triblock copolymers with 

different corona chain lengths was verified by 1H NMR spectroscopy (Figure 

2.17). In the spectra, the methyl resonance of PDMA repeat units was observed 

at δ = 2.92 ppm, and the broad methylene resonance at δ = 2.63 ppm. Both 

PCL100-b-PMMA40-b-PDMA200 and PCL100-b-PMMA40-b-PDMA600 triblock 

copolymers had narrow molecular weight distributions with no observed 

evidence of any low molecular weight species, as determined by SEC 

characterisation in DMF eluent, while the trithiocarbonate end group on the 

triblock copolymer backbone was retained (ĐM, against PMMA standards, 

Table 2.4, Figure 2.18). Furthermore, DOSY NMR measured spectra of all 

polymer peaks revealed only one diffusion coefficient (Figure 2.19), which 

demonstrated the absence of PCL homopolymers and PCL-b-PMMA diblock 

copolymers. 
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Table 2.4 Characterisation data of PCL-b-PMMA-b-PDMA triblock copolymers. 

Samples DPPCL 
a DPPMMA 

a DPPDMA 
a Mn 

a 

(kg mol-1) 

Mn 
b 

(kg mol-1) 

Mw 
b 

(kg mol-1) 

ĐM b 

PCL100-b-

PMMA40-b-

PDMA200 

97 35 169 31.6 38.8 43.8 1.13 

PCL100-b-

PMMA40-b-

PDMA600 

97 35 602 74.5 70.1 85.2 1.21 

a Measured by 1H NMR spectroscopy in CDCl3. b Measured by GPC analysis 

(DMF, RI, and UV309 detection). 

 

 

Figure 2.18 SEC chromatograms of PCL-b-PMMA-b-PDMA triblock 

copolymers (DMF with 5 mM NH4BF4). 
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Figure 2.19 DOSY NMR spectra (500 MHz, CDCl3) of (a) PCL100-b-PMMA40-b-

PDMA200 and (b) PCL100-b-PMMA40-b-PDMA600 triblock copolymers. 

2.3.4 Crystallisation-driven self-assembly of PCL-b-PMMA-b-

PDMA triblock copolymers with different corona chain 

lengths 

The self-assembly of PCL100-based triblock copolymers with different corona 

chain lengths was investigated to explore whether polymer corona chain length 

would affect the morphology of micelles. Based on the results described above, 

PCL100-b-PMMA40-b-PDMA200 and PCL100-b-PMMA40-b-PDMA600 triblock 

copolymers were added into ethanol to prepare 5 mg mL-1 solutions, followed 

by heating at 90 °C without stirring for 6 h before cooling to RT. After ageing at 

RT for differeent time points (i.e., 2 days, 1 week, and 2 weeks), the resulting 

micelle morphologies, which included a mixture of spherical, cylindrical, and 

worm-like micelles, were imaged by TEM (Figure 2.20). 
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Figure 2.20 TEM micrographs of nanostructures formed by PCL100-b-PMMA40-

b-PDMA200 triblock copolymers in ethanol at 90 °C for 6 h with ageing for (a) 2 

days (b) 1 week, and (c) 2 weeks; and by PCL100-b-PMMA40-b-PDMA600 triblock 

copolymers in ethanol at 90 °C for 6 h with ageing for (d) 2 days, (e) 1 week, 

and (f) 2 weeks. 1% uranyl acetate was used as a negative stain. Scale bar = 

1 μm. 

 

Specifically, for PCL100-b-PMMA40-b-PDMA200 samples, the mixture of 

cylindrical and worm-like micelles was observed at 2 days, 1 week, and 2 weeks 

(Figure 2.20a, b, and c). Although many cylinders were obeserved, worm-like 

micelles also appeared in the sample, which hindered the use of high-quality 

cylindrical micelles for further precise epitaxial growth. When increasing the 

corona chain length, abundant spherical micelles prepared by the self-

assembly of PCL100-b-PMMA40-b-PDMA600 triblock copolymers were observed 

in all attempts (Figure 2.20d, e, and f). Therefore, PCL100-based triblock 

copolymers were unable to produce high-quality cylindrical micelles. The 

formation of nanostructures depended on the corona chain length, the mixed 

cylindrical and worm-like nanostructures and spherical micelles being formed 

sequentially with increasing the corona chain length. Although PCL100-b-

PMMA40-b-PDMA400, which had the original block ratio, formed "high-quality" 

cylindrical nanostructures after 2 days of ageing, the resultant cylindrical 
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morphology was unstable, and morphological transition occured, possibly as a 

consequence of thermodynamic instability. Thus, a mixture of spherical and 

worm-like micelles was obtained for all ageing times. 

2.3.5 Epitaxial growth of PCL50-b-PMMA20-b-PDMA200 

cylindrical micelles 

Based on the successful preparation of polydisperse cylindrical micelles by the 

spontaneous nucleation of PCL50-b-PMMA20-b-PDMA200 triblock copolymers, 

monodisperse cylinders of controlled length were prepared by epitaxial growth 

as a living CDSA process. Particularly, crystalline seeds, which were prepared 

by probe sonication, served as initiation sites of the seeded growth. With the 

controlled addition of polymer unimers, cylindrical micelles with low dispersity 

and precise length were obtained (Scheme 2.6). 

 

 

Scheme 2.6 Epitaxial growth of PCL50-b-PMMA20-b-PDMA200 cylindrical 

micelles in ethanol from seed micelles (ca. 65 nm). Seeds were used at 0.5 mg 

mL-1 in ethanol, with the addition of unimers at 100 mg mL-1 in THF. 
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Figure 2.21 TEM micrographs of (a) polydisperse cylindrical and (b) 

monodisperse seed micelles. Epitaxial growth of cylinders targeting (c) 250 nm, 

(d) 500 nm, (e) 750 nm, (f) 1000 nm, (g) 1500 nm, and (h) 2000 nm length 

values. 1% uranyl acetate was used as a negative stain. Scale bar = 1 μm. 

 

The self-nucleated polydisperse micrometre-long cylinders (Figure 2.21a) were 

used to prepare seeds by probe sonication, the sonic probe being placed inside 

the micelle solution. The sonication was performed under controlled 

temperature at 0 °C, and the 0.5 mg mL-1 micelle solution was left in an ice bath 

for cooling at least 10 minutes after every 2 minutes of the sonication treatment 

in order to restrain undesired crystallisation caused by local high temperature. 

As a result, uniform crystalline seeds were obtained, the number average length 

being 65 nm (Figure 2.21b, Table 2.5). 
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Table 2.5 Length dispersity of cylinders formed by epitaxial growth of PCL50-

b-PMMA20-b-PDMA200 cylindrical micelles. 

Target (nm) Lw
a (nm) Ln

b (nm) Lw/Ln 

Seeds 68 65 1.05 

250 nm 262 246 1.07 

500 nm 506 491 1.03 

750 nm 762 746 1.02 

1000 nm 1029 988 1.04 

1500 nm 1561 1532 1.02 

2000 nm 1984 1911 1.04 

Imaged by TEM; one hundred cylinders per sample were counted to measure 

the length of cylinders by ImageJ. a Lw = weight average length. b Ln = number 

average length. 

 

To prepare precise monodisperse cylinders with controlled length, a unimer 

solution was prepared by dissolving the PCL50-b-PMMA20-b-PDMA200 triblock 

copolymers in a good solvent that was miscible with the selective solvent. In 

this case, the polymer was dissolved in tetrahydrofuran (THF) at 100 mg mL-1. 

Using different unimer to seed ratio, different amounts of unimers were added 

into a 0.5 mg mL-1 seed micelle solution, followed by solvent evaporation to 

obtain stable structures in ethanol. As a result, cylindrical micelles with 

controlled lengths were obtained, with the longer cylinder solution exhibiting 

more turbidity. The controlled linear epitaxial growth, which was confirmed by 

TEM, rendered monodisperse cylindrical micelles with precise micrometre 

lengths that were predictable (Figure 2.21, Table, 2.5). Indeed, the length 

displayed by the cylinders was proportional to the unimer amount added 

(Figure 2.22), which confirmed the controlled nature of the epitaxial growth 

process (Figure 2.23). The obtained monodisperse cylindrical micelles with 

precise lengths were then transferred into an aqueous phase by dialysis against 
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water for 72 h. After this process, the nanoparticles still exhibited stable 

cylindrical nanostructures without disassembly (Figure 2.24), which gave 

unprecedented access to mimicking collagen fibres in hydrogels. 

 

 

Figure 2.22 Linear epitaxial growth of PCL50-b-PMMA20-b-PDMA200 cylinders 

with narrow length dispersity (blue triangles, error bars represented the 

standard deviation (σ) of the length distribution) in comparison to the theoretical 

length (red circles). The cylindrical micelles were grown from ca. 65 nm seeds. 
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Figure 2.23 Diameter distribution of (a) polydisperse cylinders, (b) seeds, (c) 

250 nm cylinders, (d) 500 nm cylinders, (e) 750 nm cylinders, (f) 1000 nm 

cylinders, (g) 1500 nm cylinders, and (h) 2000 nm cylinders. 
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Figure 2.24 TEM micrographs of (a) polydisperse cylinders, (b) seeds, (c) 250 

nm cylinders, (d) 500 nm cylinders, (e) 750 nm cylinders, (f) 1000 nm cylinders, 

(g) 1500 nm cylinders, and (h) 2000 nm cylinders in water. 1% uranyl acetate 

was used as a negative stain. Scale bar = 1 μm. 

2.3.6 Mechanical properties of alginate-based nanocomposite 

hydrogels with PCL50-b-PMMA20-b-PDMA200 cylindrical 

micelles 

The main purpose of this work was to investigate the relationship between the 

length of cylindrical micelles and the mechanical strength of nanocomposite 

hydrogels. To that end, alginate hydrogels were chosen as the matrix because 

of its facile processing technology and prospects in translational medicine. It is 

well known that alginate is an anionic polysaccharide, thus crosslinking with 

cationic substances, such as calcium.56-57 PCL50-b-PMMA20-b-PDMA200 

cylinders with a ζ-potential of ca. -4.34 were considered approximately 

neutral,58 which avoided the additional effect of surface charge on crosslinking. 
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Calcium-crosslinked alginate hydrogels without cylinders, which were used as 

a control group, were prepared by the combination of sodium alginate (1.5 wt%), 

calcium carbonate (CaCO3, 0.5 eq.), and D-glucono-δ-lactone (GDL, 1.0 eq.). 

The low solubility of CaCO3 relative to CaCl2, CaSO4·2H2O, or other 

crosslinking agents, gave access to slower gelation. When cooperating with the 

slow hydrolysis, the CaCO3-GDL system offered enough time for uniform 

dispersion of calcium throughout the gelation system before crosslinking to 

avoid forming lumpy hydrogels and a heterogeneous structure, which led to 

weak mechanical properties with low reproducibility.57 

 

 

Scheme 2.7 Preparation of nanocomposite hydrogels using cylindrical 

composite materials with precise lengths. 

 

Following the preparation of calcium-crosslinked alginate hydrogels, the 

incorporation of polymer fibres with precise lengths was considered to 

investigate the relationship between the nanoparticle size and the mechanical 

properties of the nanocomposite hydrogels (Scheme 2.7). The hydrogels were 

obtained as described earlier with a constant concentration of calcium for cross-

linking and different equivalent amounts of monodisperse PCL50-b-PMMA20-b-

PDMA200 cylindrical micelles at RT. 

 

Oscillatory rheology measurements, including frequency and amplitude sweeps, 

were used to characterise the mechanical strength of the resulting 

nanocomposite hydrogels because the gels would break under steady shear. A 

control was performed in each dataset to ensure trends were not affected by 

slight variations in sample preparation, e.g., the temperature of the lab while 
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preparing or the error of analytical balance, which caused a small shift in the 

magnitude of the theoretical moduli between data sets. Regardless the sample, 

the gel-like behaviour of the systems was confirmed by comparing the storage 

and loss modulus (G' and G") since G' was higher than G" for the entire range 

of frequency sweep (Figure 2.25). Amplitude sweep tests also provided strain-

dependent information. Specifically, the broad linear-viscoelastic (LVE) region 

and the hydrogel network breakdown were observed as the strain increased in 

all attempts with multiple runs, which was in agreement with the expected 

shear-thinning behaviour and the self-healing nature of this non-covalently 

crosslinked hydrogel system. In the LVE region, G' kept stable with the increase 

of the strain, which indicated that the gel’s structure had not been destroyed. 

Besides, no substantial change in G' was observed when increasing the 

nanoparticle content, which avoided the embrittlement of the nanocomposite 

hydrogels as a consequence of the addition of fillers. At high strains, the strain 

at the flow point (τf) was obtained (i.e., the intersection of the curves for G' and 

G''), the value of shear strains was determined at such crossover point (G' = G", 

Figure 2.26), which means the gels was broken and in the point towards liquid-

like. However, after the addition of nanoparticles, the interaction between 

hydrogel networks and nanofillers was strengthened, leading to the improved 

strength of nanocomposite hydrogels, which made hydrogels less likely to be 

broken and more resistant to the shear strain. 
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Figure 2.25 Dynamic oscillatory frequency sweeps at 0.5% strain of calcium-

crosslinked alginate hydrogels at 0.50 eq. calcium with 0 wt% (control), 0.04 

wt%, 0.06 wt%, 0.08 wt%, 0.10 wt%, and 0.12 wt% PCL50-b-PMMA20-b-

PDMA200 cylindrical micelles with different lengths, which included (a) 65 nm, 

(b) 250 nm, (c) 500nm, (d) 750 nm, (e) 1000 nm, (f) 1500 nm, and (g) 

polydisperse cylinders. 
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Figure 2.26 Strain-dependent oscillatory rheology measurements at 10 rad s-1 

angular frequency (ω) of calcium-crosslinked alginate hydrogels at 0.50 eq. 

calcium with 0 wt% (control), 0.04 wt%, 0.06 wt%, 0.08 wt%, 0.10 wt%, and 

0.12 wt% PCL50-b-PMMA20-b-PDMA200 cylindrical micelles with different 

lengths, which included (a) 65 nm, (b) 250 nm, (c) 500nm, (d) 750 nm, (e) 1000 

nm, (f) 1500 nm, and (g) polydisperse cylinders. 
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The strain-dependent response of the control alginate hydrogel without added 

cylinders showed a low strain value (ca. 20%) at the flow point. After the 

addition of 0.04, 0.06, 0.08, 0.10, and 0.12 wt% cylindrical micelles with 

controlled lengths, the flow strain increased in comparison to the control group 

(Figure 2.27, Table 2.6). Hence, polymer cylindrical micelles with different 

lengths enhance the mechanical strength of nanocomposite calcium-

crosslinked alginate hydrogels. For instance, the strain at the flow point of the 

nanocomposite hydrogel with 500 nm PCL50-b-PMMA20-b-PDMA200 cylindrical 

micelles increased distinctly up to ca. 37% (at 0.10 wt%). We assumed that this 

phenomenon was related to the pore size of the calcium-crosslinked alginate 

hydrogels, where the 500 nm cylinders could better pack into the pores of the 

hydrogels, which can be potentially confirmed by mercury intrusion porosimetry, 

Brunauer-Emmett-Teller (BET) nitrogen adsorption analysis, and cryogenic-

scanning electron microscopy (cryo-SEM) in the future study. 

 

 

Figure 2.27 Histogram comparing the strain values at the flow point for 

nanocomposite hydrogels incorporating cylindrical micelles at different wt%. 

Error bars represent the standard deviation of the data. 
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Table 2.6 Strain values at the flow point for nanocomposite alginate hydrogels 

enriched with different concentrations of PCL50-b-PMMA20-b-PDMA200 

cylinders with different lengths. Data are presented as average ± standard 

deviation. 

Nanoparticle 

content (wt%) 

65 

nm 

250 

nm 

500 

nm 

750 

nm 

1000 

nm 

1500 

nm 
Polydisperse 

0 20.9 ± 1.9 

0.04 
23.9 

± 1.8 

24.2 

± 0.5 

25.1 

± 1.5 

25.3 

± 0.8 

23.0 

± 2.6 

23.0 

± 1.0 
23.0 ± 0.6 

0.06 
24.6 

± 1.0 

26.6 

± 1.2 

30.0 

± 2.0 

27.4 

±1.1 

27.2 

± 1.6 

22.4 

± 1.1 
24.6 ± 0.3 

0.08 
25.5 

± 1.0 

27.0 

± 1.2 

33.8 

± 1.8 

30.3 

± 0.5 

23.2 

± 1.3 

22.4 

± 1.4 
30.4 ± 2.8 

0.10 
27.8 

± 1.7 

29.0 

± 2.1 

36.8 

± 2.3 

26.1 

± 1.3 

24.4 

± 1.2 

21.9 

± 1.4 
32.9 ± 3.7 

0.12 
26.7 

± 1.6 

26.6 

± 0.1 

28.7 

± 3.4 

23.3 

± 0.5 

23.9 

± 2.0 

22.1 

± 1.2 
27.4 ± 2.5 

Three gels per sample were measured, each gel was tested at least three times. 

 

Besides, strain values at the flow point increased and then decreased with the 

cylinder wt% for each cylinder length, with the exception of 1000 nm and 1500 

nm cylinders, for which no significant enhancement was observed. Furthermore, 

when the nanoparticle content of added cylindrical micelles achieved 0.12 wt%, 

the hydrogel strain value decreased for all systems, which was ascribed to 

steric hindrance. Redundant cylinders were unable to pack inside the pores of 

the hydrogel network, thus reducing homogeneity and, consequently, disrupting 

hydrogel formation and yielding poorer mechanical features. Finally, 

nanocomposite hydrogels incorporating polydisperse cylinders were also 

prepared to investigate to what extent the mixed micelles affect the mechanical 
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properties of hydrogels. Polydisperse cylinders were prepared by mixing equal 

masses of 250 nm, 500 nm, 750 nm, 1000 nm, 1500 nm cylinders. The 

polydisperse cylinders showed a robust enhancement ability on the hydrogel 

strain, which was second only by 500 nm samples. 

 

From the above, the relationship between the length of polymer fibres and the 

strain at the flow point of nanocomposite calcium-crosslinked alginate 

hydrogels has been studied. Cylinders of 500 nm length embedded in 

nanocomposite hydrogels showed the most enhancement regarding 

mechanical strength. Overall, these observations confirm the impact of the 

physical features displayed by added polymer fibres, such as length, on the 

mechanical performance of hydrogel matrices. We, thus, postulate that short 

cylinders, that are 65 nm, 250 nm, 500 nm, and 750 nm cylinders, provided an 

efficient contribution to the mechanical resistance of hydrogels under shear 

strains as a consequence of their better dispersion within the hydrogel network. 

Whereas, the two ends of 65 nm and 250 nm cylinders couldn’t effectively 

connect the hydrogel network in pores, thus limiting such improvement. In 

contrast, 1000 nm and 1500 nm cylinders hindered the enhancement, likely 

because of the steric hindrance of long cylinders. 
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2.4 Conclusions 

In conclusion, the preparation of a range of cylindrical micelles with controlled 

size using a crystallisable polymer core has been firstly investigated. In that 

regard, several issues were faced that prevented the formation of cylinders with 

controlled width on account of thermodynamic instability and morphological 

transition during the ageing procedure. Hence, only PCL50-b-PMMA20-b-

PDMA200 triblock copolymer rendered cylinders suitable for epitaxial growth 

from unimer seeds to produce polymer fibres with controlled length. This study 

highlights the potential of CDSA as a facile and easy method for preparing 

polymer fibres with controlled lengths, and thus mimic fibrillar collagen. 

According to the results, the dimension of added nanoparticles plays an 

essential role in tuning the mechanical strength of nanocomposite hydrogels. 

Indeed, 65 nm, 250 nm, 500 nm, 750 nm, and polydisperse cylindrical micelles 

are capable of enhancing the strain at the flow point of alginate hydrogels. 

Among these, cylinders of 500 nm length exhibited the most enhancement 

regarding the mechanical strength of nanocomposite hydrogels by up to 37%. 

In comparison, no significant improvement was observed for 1000 nm and 1500 

nm samples. This relationship between the length of polymer fibres and the 

shear strain of nanocomposite hydrogels indicated that the hydrogel strength 

could be satisfactorily enhanced by uniformly embedding polymer fibres of a 

specific length. Moreover, we assumed that cylindrical micelles that can fit best 

to the pores of hydrogels should be preferentially considered as additives (in 

this case, the cylinders of 500 nm length), which will be confirmed in the future 

study to determine how the cylindrical micelles are fixed in the pores of 

hydrogels. In this hypothesis, shorter cylinders may not connect the hydrogel 

network in pores, which results in relatively less enhancement on mechanical 

strength. In contrast, longer cylinders may not enhance the mechanical 

performance of hydrogels as much because of steric hindrance. Overall, adding 

polymeric cylindrical micelles to naturally-derived hydrogels provides them with 
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a fibrillar structure that increases their mechanical performance under shear 

strains. Such improvement renders hydrogels with better features to mimic the 

native ECM as scaffolds for a wide range of biomedical applications in vivo, 

such as manufacturing artificial skins or tissues. Accordingly, the next step in 

this research involves the investigation of cell behaviour inside the hydrogel 

network by adjusting the length and the aligning directionality of the polymer 

fibres. For instance, how stem cells respond to such mechanical cues would be 

of great interest. 
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2.5 Experimental 

2.5.1 Materials 

Chemicals and solvents were purchased from Sigma-Aldrich, Acros, Fluka, TCI, 

Fisher Chemical, Alfa Aesar or VWR. ε-Caprolactone (ε-CL) monomer was 

distilled over calcium hydride before being stored in a glove box under an inert 

atmosphere. Diphenyl phosphate (DPP) was recrystallised once from dried 

CHCl3/Hexane (3:1) and dried over phosphorus pentoxide (P2O5) before use. 

(-)-Sparteine was dried over calcium hydride and distilled before use. 1,4-

Dioxane, chloroform, methyl methacrylate (MMA), and N,N-dimethyl 

acrylamide (DMA) were purified by passing through basic alumina before use. 

2,2′-Azobis(2-methylpropionitrile) (AIBN) was received from Molekula, 

recrystallised twice from methanol, and stored in the dark at 4 °C. Deuterated 

solvents were received from Apollo Scientific. Low-molecular weight, low-

viscosity sodium alginate was purchased from Sigma Aldrich as a light brown 

powder (Product code: W201502). 

2.5.2 Instrumentation 

1H NMR spectra were recorded at 300 MHz or 400 MHz on a Bruker AV-300 or 

a Bruker AV-400 spectrometer, respectively. All spectra were recorded in 

CDCL3 unless otherwise stated. The chemical shifts are reported as  in parts 

per million (ppm) and quoted downfield from the internal standard 

tetramethylsilane (δ = 0 ppm). 

 

Diffusion-ordered spectroscopy (DOSY) NMR was performed on a Bruker AV-

500 AVANCE spectrometer equipped with a 5 mm broadband observe (BBO) 

z-axis gradient probe, which generated nominal maximum field strengths of 

53.5 G cm-1. The measurement was carried out using stimulated echo and LED 
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pulse sequences incorporating bipolar-gradient pulses for diffusion with a 

diffusion time of 100 ms and a LED delay of 5 ms. For each experiment, pulsed-

field gradients with a duration of 2.5 ms and a recovery delay of 200 μs were 

applied respectively with increases from 5% to 95% of the maximum strength 

in 32 equally spaced steps. Experiments were performed on samples at a 

polymer concentration of 10 mg mL-1 in deuterated chloroform with active 

temperature regulation at 298 K. The DOSY spectrum was processed by the 

Bruker Topspin S3 software package (version 2.1). 

 

Size exclusion chromatography (SEC) in DMF was performed on an Agilent 

1260 Infinity II LC system equipped with a Wyatt DAWN HELEOS II multi-angle 

laser light scattering (MALLS) detector, a Wyatt Optilab T-rEX differential 

refractive index detector, an Agilent 1260 Infinity II WR diode array detector, an 

Agilent guard column (PLGel 5 μM, 50 × 7.5 mm) and two Agilent Mixed-C 

columns (PLGel 5 μM, 300 × 7.5 mm). The mobile phase was DMF (HPLC 

grade) containing 5 mM NH4BF4 at 50 °C at flow rate of 1.0 mL min-1. Number 

average molecular weights (Mn), weight average molecular weights (Mw) and 

dispersities (ĐM = Mw/Mn) were determined using Wyatt ASTRA v7.1.3 software 

against poly(methyl methacrylate) (PMMA) standards. For molecular weight 

determination via MALLS, dn/dc values were either measured by differential 

refractometry or calculated from the SEC chromatograms assuming 100% 

mass elution from the columns. 

 

Mass spectra were obtained using a Bruker Ultraflex II MALDI ToF mass 

spectrometer. The MALDI ToF samples were prepared using trans-2-[3-(4-t-

butyl-phenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) as matrix and 

sodium trifluoroacetate (NaTFA) was used as cationization agent. The typical 

procedure is as follows: DCTB (2 μL, 10 mg mL-1 in tetrahydrofuran (THF)), 

sample (2 μL, 1 mg mL-1 in THF) and NaTFA (2 μL, 0.1 mg mL-1 in THF) were 

added to the MALDI ToF plate followed by solvent evaporation. The samples 
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were measured in reflection ion mode and calibrated by SpheriCal (1200 - 8000 

g mol-1) standards. 

Bandelin Sonopuls HD2200 sonication probe was performed in an ice bath, 

where sonication was carried out in cycles of 2 minutes sonication, followed by 

10 minutes of cooling in an ice bath (0 °C). Samples were regularly taken at 

time points and analysed by TEM. Seed micelles were obtained by 20 minutes 

sonication. 

 

Zeta potentials were measured using a Malvern Zetasizer Nano ZS. The zeta 

potentials of particles in suspension at pH 6.0 were obtained by measuring the 

electrophoretic movement of the particles under an applied electric field at 

25 °C. All determinations were repeated 5 times. 

 

TEM was performed using JEOL 2000FX or JEOL 2100FX at 200 kV. TEM 

solution was typically made up at 0.1 mg mL-1 in a solvent. Then, 10 μL of 

sample solution was dropped onto a carbon/formvar-coated copper grid placed 

on filter paper. After 10 minutes drying, 10 μL of a 1% uranyl acetate solution 

was dropped onto the grid and left to dry overnight. TEM images were analysed 

by Image J. The number-average length (Ln), and weight-average length (Lw) 

were obtained by counting at least 100 particles for each sample. Ln and Lw 

were calculated by the following equations:  

𝐿𝑛 =  
∑ 𝑁𝑖𝐿𝑖

𝑛
𝑖=1

∑ 𝑁𝑖
𝑛
𝑖=1

 

𝐿𝑤 =  
∑ 𝑁𝑖𝐿𝑖

2𝑛
𝑖=1

∑ 𝑁𝑖𝐿𝑖
𝑛
𝑖=1

 

where Li is the length each counted cylinders and Ni is the number of the 

cylinders with the length Li.  

 

WAXS was performed on a Panalytical X’Pert Pro MPD equipped with a Cu Kα1 
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hybrid monochromator as the incident beam optics. The typical procedure is 

placing 20 mg of dried particles on a 10 mm silica sample holder. Then, a 

standard “powder” 2θ-θ diffraction scan was carried out in the angular range 

from 5° to 40° 2θ at room temperature. The WAXS were processed by MDI 

Jade software to calculate crystallinity. 

 

Oscillatory shear rheology measurements were performed on an Anton Paar 

MCR 302 equipped with a PP50 geometry. Temperature was controlled with a 

P-PTD 200/AIR Peltier and a P-PTD 200 hood. Sample was loaded directly and 

then was pressed at 20 °C into a disc 0.5 mm thick before testing. Frequency 

sweeps were performed at 0.5% strain from 0.1 to 100 rad s-1 angular frequency 

(ω). Amplitude sweeps were performed at 10 rad s-1 ω from 0.01 to 100% strain. 

Results were recorded as an average of 3 consecutive runs at a constant 

temperature of 20 °C. 

2.5.3 Typical procedure for the ROP of PCL homopolymer 

In a nitrogen-filled glove box, solutions of DPP (49 mg, 0.20 mmol) in dry 

toluene (2 mL) and dual-head CTA (52 mg, 0.21 mmol) in dry toluene (12.4 mL) 

were added to ɛ-CL (1.44 g, 12.62 mmol). After stirring for 11 h at room 

temperature, the solution was removed from the glove box, precipitated three 

times into ice-cold diethyl ether and collected by centrifugation. The resultant 

yellow polymer was dried under vacuum over phosphorus pentoxide for 2 days. 

The products were analysed by SEC chromatograms and it was ensured there 

were no shoulders or tails in both sides of high or low molecular weight before 

proceeding with RAFT polymerisations and self-assembly. 1H NMR 

spectroscopy (300 MHz, CDCl3) δ/ppm: 4.06 (t, 100 H, CH2OCO), 3.65 (t, 2 H, 

CH2OH), 2.30 (t, 100 H, OCOCH2), 1.73-1.33 (m, 330 H, OCO(CH2)5OH), Mn = 

6.2 kg mol-1, DP = 52. SEC chromatograms (DMF, PMMA standard): Mn = 13.1 

kg mol-1, Mw = 14.3 kg mol-1, ĐM = 1.09. 



 

121 

 

2.5.4 Typical procedure for the synthesis of PCL-b-PMMA 

diblock copolymers 

PCL50 (500 mg, 0.08 mmol), MMA (420 mg, 4.20 mmol) and AIBN (1.38 mg, 

8.39 × 10-3 mmol) were dissolved in 1,4-dioxane (1.40 mL) and placed in an 

ampoule. The solution was then freeze-pump-thawed three times and heated 

for 5 h at 70 °C. The reaction was quenched by immersion of the ampoule in 

the ice bath, and the polymer was precipitated in ice-cold methanol three times 

before being dried under vacuum and analysed. 1H NMR (400 MHz, CDCl3) 

δ/ppm: 4.06 (t, 100 H, CH2OCO), 3.59 (45 H, COOCH3), 2.30 (t, 100 H, 

OCOCH2), 1.91-1.81 (2 m, 8 H, CCH2, PMMA), 1.72-1.33 (m, 305 H, 

OCO(CH2)5OH), 1.02-0.83 (m, 36 H, CH3, PMMA), Mn = 8.2 kg mol-1, DP = 20. 

SEC chromatograms (DMF, PMMA standard): Mn = 15.9 kg mol-1, Mw = 17.4 kg 

mol-1, ĐM = 1.10. 

2.5.5 Typical procedure for the synthesis of PCL-b-PMMA-b-

PDMA triblock copolymers 

PCL50-b-PMMA20 (150 mg, 0.02 mmol), DMA (396 mg, 4.00 mmol) and AIBN 

(0.3 mg, 1.83 × 10-3 mmol) were dissolved in 1,4-dioxane (316 μL) and placed 

in an ampoule. The solution was then freeze-pump-thawed three times and 

heated for 1 h at 70 °C. The reaction was quenched by immersion of the 

ampoule in the ice bath, and the polymer was precipitated in ice-cold diethyl 

ether three times before being dried under vacuum and analysed. 1H NMR (400 

MHz, CDCl3) δ/ppm: 4.04 (t, 100 H, CH2OH), 3.58 (45 H, COOCH3), 3.10-2.44 

(m, 889 H, N(CH3)2, CHCH2, PDMA), 2.28 (t, 100 H, OCOCH2), 1.79-1.23 (m, 

674 H, OCO(CH2)5OH (PCL), CCH2 (PMMA), CHCH2 (PDMA)), 1.02-0.83 (m, 

48 H, CH3, PMMA), Mn = 27.6 kg mol-1, DP = 196. SEC chromatograms (DMF, 

PMMA standard): Mn = 34.2 kg mol-1, Mw = 38.5 kg mol-1, ĐM = 1.12. 
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2.5.6 Typical crystallisation-driven self-assembly method for 

the self-nucleation of PCL block copolymers 

As a typical procedure of self-assembly conditions, PCL-b-PMMA-b-PDMA 

triblock copolymer (25 mg) was added to 5 mL of ethanol (5.0 mg mL-1) in a vial. 

The samples were heated to 70 °C or 90 °C without stirring for 3 h before 

cooling to room temperature. Samples were imaged after 2 weeks of ageing at 

room temperature. 

2.5.7 Sonication of PCL50-b-PMMA20-b-PDMA200 cylindrical 

micelles 

Self-nucleated cylindrical micelles prepared by the CDSA of PCL50-b-PMMA20-

b-PDMA200 triblock copolymers in ethanol (5 mg mL-1) were sonicated using a 

sonic probe at an ice bath (0 °C). Samples was taken at regular intervals and 

analysed by TEM. Seed micelles were obtained by 20 minutes of sonication. 

2.5.8 Typical crystallisation-driven self-assembly method for 

the epitaxial growth of PCL block copolymers 

PCL50-b-PMMA20-b-PDMA200 triblock copolymers were dissolved in THF (100 

mg mL-1) and added to a dispersion of seed micelles (0.5 mg mL-1) followed by 

solvent evaporation to obtain stable structures in ethanol. After the ageing of 5 

days, the micelles were imaged by TEM. The unimer-to-seed ratio was altered 

by adding the unimer solution in multiple times to the dispersion of seed 

micelles. 
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Uniform antibacterial cylindrical nanoparticles for 

enhancing nanocomposite hydrogel strengths 
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3.1 Abstract 

Crystallisation driven self-assembly (CDSA) was used to prepare uniform 

cationic cylindrical nanoparticles with controlled sizes as mimics of fibrillar 

collagen and was explored for the effect of size on their antibacterial activities 

and nanocomposite hydrogels' mechanical properties. Poly(ɛ-caprolactone)-

block-poly(methyl methacrylate)-block-poly[2-(tert-butylamino)ethyl 

methacrylate] (PCL-b-PMMA-b-PTA) triblock copolymers with a cationic corona 

were synthesized and self-assembled into 1D antibacterial cylindrical micelles 

of controlled lengths by epitaxial growth. The polycationic cylinders exhibited 

intrinsic antibacterial capabilities against both Gram-positive and Gram-

negative bacteria. Specifically, the minimum inhibitory concentration (MIC) 

values of polycationic cylindrical micelles were cell-type-dependent, whereby 

cationic 500 nm and 750 nm cylinders exhibited improved antimicrobial efficacy 

against both Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) 

under physiological conditions when compared to other cationic cylindrical 

micelles with different lengths, their corresponding spherical constructs, and 

homopolymers of antibacterial active ingredients, even without quaternization 

or loading of any additional antibiotics. Furthermore, when the cylinders were 

combined with anionic alginate hydrogel networks, the mechanical response of 

the hydrogel composite was enhanced. By rheological characterisation, it was 

found that the cationic cylindrical nanostructures enhanced the shear strength 

of nanocomposite calcium-alginate hydrogels up to 50% when loaded with 500 

nm cationic cylinders in particular, which were superior to their counterparts 

with other lengths. It was speculated that the 500 nm cylinder could more 

efficiently pack into the pores in calcium-alginate hydrogel networks. Thus, the 

rheology results suggested that 1D cationic cylindrical nanoparticles with 

controlled lengths are promising nanostructures to mimic the natural 

extracellular matrix (ECM), giving tuneable mechanical properties by 

embedding cylinders of different lengths into naturally derived alginate 
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hydrogels. Overall, this polymer fibre hydrogel composite represents a 

promising prospect as injectable antibacterial biomaterials which could be used 

in implant materials as bacteriostatic agents or bactericides for various 

infections. 
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3.2 Introduction 

Bacterial infectious diseases represent an area of extensive health concerns 

due to the high incidence of infections and the growing resistance of bacteria. 

Although conventional antibiotics are constantly being developed and updated, 

long-term use of these agents have caused bacteria to generate antimicrobial 

resistance (AMR). To overcome AMR issues, several antimicrobial agents with 

different mechanisms of action have emerged,1 which include silver 

nanoparticles,2-3 metal oxide nanoparticles,4-5 antimicrobial polymers,6-7 and 

antimicrobial peptides.8-9 Among these agents, nanoparticles with high surface 

area and reactivity have become promising replacements of antibiotics, often 

exhibiting enhanced inhibition of the growth and reproduction of bacteria in 

comparison with traditional antibiotics.7 However, inorganic-based 

nanoparticles can lead to potential side effects in vivo, where their metabolism, 

clearance, and cytotoxicity are still being studied.10 Therefore, organic 

antibacterial block copolymers (BCPs) and their nanoscale assemblies are 

alternative low-cost choices, and have been widely investigated for their 

prolonged antibacterial activities,11 improved antibiotic resistance,12 and low 

cytotoxicity.13 

 

One class of antibacterial polymers feature cationic groups, and when formed 

into polycationic nanostructures have a high charge density, which can easily 

rupture the bacteria membrane.14 The antibacterial activities of polycationic 

nanoparticles can be tuned by altering the chemistry, dimension, morphology, 

and surface charge of the micelles.15-17 Previously, the effect of micelle shape 

and size on the antimicrobial activities of quaternized polymeric nanoparticles 

assembled through crystallisation-driven self-assembly (CDSA) was explored, 

where the small 2D rhombic platelets exhibited higher antibacterial capabilities 

than larger platelets, spheres, and unassembled polymers.17 However, the 

required quaternization process generated quaternary ammonium compounds, 
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which can lead to haemolysis and thus limits further biomedical application.7 To 

overcome this limitation, cationic polymers without quaternary nitrogen atoms 

have also been investigated, such as poly[2-(tert-butylamino)ethyl methacrylate] 

(PTA), which exhibits a high antibacterial activity but a low cytotoxicity to human 

cells.18-20 The antimicrobial mechanism of PTA is attributed to its pendant 

secondary amine groups, as the tert-butylamino groups have a pKa of 9.12 and 

so can be positively charged in neutral water. This allows PTA to exchange the 

Ca2+ or/and Mg2+ cations and destroy the integrity of the lipopolysaccharides in 

the outer membrane of bacteria,21 followed by disorganization of the outer 

membrane and subsequent apoptosis of the bacteria.18, 22-23 Furthermore, PTA 

is both a partially hydrophilic and partially hydrophobic polymer in neutral water, 

and is thus conducive to penetrating through the cell wall/membrane of 

bacteria.22 Therefore, in comparison with other amine-containing cationic 

polymers, PTA shows antibacterial capabilities without the need for 

quaternization.22-24  

 

According to the aforementioned advantages, PTA and its block copolymers 

have been considered as effective additives to confer antimicrobial abilities to 

polymeric composites,25-26 polymer films,24 and polymeric nanoscale 

assemblies.22-23, 27 Unlike common antibacterial polymer composites and films, 

PTA-based block copolymers can self-assemble into secondary nanostructures, 

which can result in enhanced antimicrobial properties.22 Du and coworkers 

synthesized PTA-based triblock copolymers to form biodegradable and 

antibacterial polymer micelles that didn’t require quaternization.22 They 

demonstrated that the MIC results of obtained PTA-based micelles were cell-

type-dependent. The MICs of micelles from the polymer with a low content of 

PTA segments were 0.28 and 0.13 mM against Escherichia coli (E. coli) and 

Staphylococcus aureus (S. aureus), respectively. In contrast, the micelles from 

the polymer with a high content of PTA segments had lower MIC values of 0.19 
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and 0.06 mM, respectively, due to the higher content of PTA segments in the 

micelle. Furthermore, they further reported PTA-based diblock copolymers that 

could be self-assembled into polymer vesicles in water upon increasing the 

temperature, demonstrating excellent antibacterial efficacy without 

quaternization. When treated with 0.25 mg mL-1 vesicles, 99.9% and 99.8% E. 

coli and S. aureus were killed, respectively.23 Song et al. employed PTA 

polymers as a coating on the surface of silica nanoparticles, where their 

antimicrobial activities were dependent upon the nanostructure size.27 Herein, 

the MIC values of the 17 nm core-shell spheres against E. coli and S. aureus 

were 2 mg mL-1 and 1 mg mL-1, respectively, which were lower than their 

counterparts of 28 nm particles, 50 nm particles, and bulk polymers. Although 

PTA has proven promising for antimicrobial applications, nanoparticle shapes 

have not been systematically studied, as well as the influence of dimensional 

factors of its self-assemblies, such as the length of cylindrical micelles on the 

antibacterial activity of PTA-based block copolymers. Therefore, the relevant 

cylinder size and antibacterial structure-function relationship is still not clear. 

CDSA is a versatile tool that allows control over micelle morphology and 

dimension, and therefore ideal for this new surface chemistry to prepare 

cylindrical micelles of precisely controlled lengths. Besides, according to 

Chapter Two, polymer fibres enhance the mechanical properties of alginate-

derived hydrogels under shear strains. However, PTA-based polymeric 

antibacterial nanocomposite hydrogels have not been studied. Considering the 

anionic nature of alginate-based hydrogels,28 PTA-based cationic cylindrical 

micelles should crosslink with negatively charged alginate polymer chains, 

which is expected to result in superior enhancement in the mechanical 

strengths of calcium-alginate hydrogels, in comparison with blending neutral 

cylinders in Chapter Two. 
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In this work, a study was developed to investigate these factors, in which 2-

(tert-butylamino)ethyl methacrylate (TA), as a partially hydrophilic and RAFT 

compatible monomer, was utilized in the synthesis of new antimicrobial ABC 

triblock copolymers. The polymer was employed to form cylindrical micelles by 

crystallisation-driven self-assembly, giving access to water-dispersible, 

biodegradable, and antibacterial polymer fibres with PTA groups on the corona 

(Scheme 3.1). The secondary amine on the PTA polymer backbone was 

confirmed as an active ingredient against both Gram-negative E. coli and Gram-

positive S. aureus bacteria at neutral pH, exhibiting a good antibacterial activity 

in the absence of quaternization or additional biocides.23 In particular, both 500 

nm and 750 nm cylinders exhibited higher antimicrobial activities than cylinders 

with other lengths, spheres, unassembled PTA homopolymers, and neutral 

cylinders. Moreover, the mechanical properties of anionic alginate hydrogels 

under shear strains were enhanced folllowing incorporation of the cationic 

cylinders, whereby the 500 nm cylindrical nanoparticles resulted in a significant 

enhancement up to 50% in the resistance of their nanocomposite hydrogels to 

breaking under strain, which was higher than their counterparts with other 

dimensions. Overall, in this study, antibacterial polymer fibres were prepared to 

explore the effect of cylindrical micelles dimensions on antibacterial properties 

and mechanical strength of nanocomposite hydrogels, which illuminated the 

significance of controlling nanoparticle sizes in the relevant biomedical 

applications. 
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Scheme 3.1 Schematic representation for the formation of PTA-based 

polycationic cylindrical micelles with various lengths through epitaxial growth, 

and the fabrication of cylinder-embedded nanocomposite hydrogels. 
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3.3 Results and discussion 

To investigate the effect of polymer fibre dimensions on their antibacterial 

activity and ability to enhance the mechanical properties of hydrogels, 

cylindrical micelles with controlled lengths were prepared. According to Chapter 

Two, poly(ɛ-caprolactone) (PCL) block copolymer is used to produce cylindrical 

nanostructures by crystallisation-driven self-assembly methodologies, where 

PCL block is the crystalline component. Thus, PCL was chosen as the 

crystalline core for preparing cylinders using crystallisation-driven self-

assembly (CDSA), as this allowed for the length of the cylindrical micelles to be 

controlled by epitaxial growth. Previous work in the group has demonstrated 

that in aqueous environments, swelling of the corona block and subsequent 

fracture by the stress of the crystalline core causes instability and disassembly 

of the particles, and therefore a glassy, highly hydrophobic polymer, poly(methyl 

methacrylate) (PMMA) was used as an interfacial block to protect the PCL 

crystalline core.29 To provide the active antibacterial ingredient, an antimicrobial 

polymer containing polycationic structures, poly[2-(tert-butylamino)ethyl 

methacrylate] (PTA), was used as the corona block of the triblock copolymer. 

Following this strategy, poly(ɛ-caprolactone)-block-poly(methyl methacrylate)-

block-poly[2-(tert-butylamino)ethyl methacrylate] (PCL-b-PMMA-b-PTA) 

triblock copolymers were synthesized and self-assembled into polycationic 

cylindrical micelles with controlled lengths for evaluation of their antibacterial 

activities. Furthermore, anionic alginate hydrogels were blended with the 

cationic polymer fibres to investigate the effect of the cationic cylinder size on 

the mechanical strength of nanocomposite hydrogels. 
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3.3.1 Synthesis of PCL-b-PMMA-b-PTA triblock and PCL-b-

PTA diblock copolymers 

PCL-based triblock copolymers were synthesized using a combination of ring-

opening polymerisation (ROP) of ɛ-caprolactone (ɛ-CL) and reversible addition-

fragmentation chain transfer (RAFT) polymerisation of methyl methacrylate 

(MMA) and 2-(tert-butylamino)ethyl methacrylate (TA) respectively. 

3.3.1.1 Synthesis of PCL homopolymer 

The ROP of ɛ-CL was performed in a nitrogen-filled glove box at room 

temperature (RT) using a dual-headed initiator/chain transfer agent (CTA) and 

diphenyl phosphate (DPP) catalyst in dry toluene (Scheme 3.2), as previously 

synthesized in Chapter Two. To minimize any transesterification of the polymer 

backbone, the polymerisation was quenched when the monomer conversion 

reached 83%, followed by precipitation into ice-cold diethyl ether. 

 

 

Scheme 3.2 Synthesis of PCL macro-CTA by ROP with a dual-headed CTA 

initiator and a DPP catalyst. 

 

The successful synthesis of PCL was indicated by proton nuclear magnetic 

resonance (1H NMR) spectroscopy, where the methylene resonances of the 

repeat units were observed at δ = 4.06 ppm and δ = 2.30 ppm, while the end 

group signal was at δ = 3.65 ppm (Figure 3.1). The degree of polymerisation 

(DP) was calculated by end-group analysis comparing the integrations of 

characteristic signals, giving a DP of 55 and thus an Mn of 6.5 kg mol-1 (Table 

3.1). Analysis of the PCL homopolymer by size exclusion chromatography (SEC) 
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in tetrahydrofuran (THF) eluent revealed a narrow dispersity (ĐM = 1.06, PMMA 

standards, Table 3.1), which indicated a well-controlled polymerisation. In 

addition, the SEC chromatogram from the UV-Vis detector at 309 nm confirmed 

the retention of the trithiocarbonate end group on the PCL homopolymer 

(Figure 3.2). 

 

 

Figure 3.1 1H NMR spectrum (400 MHz, CDCl3) of PCL homopolymer. 

 

Table 3.1 Characterisation data of PCL homopolymer. 

Sample DPPCL 
a 

Mn 
a 

(kg mol-1) 

Mn 
b 

(kg mol-1) 

Mw 
b 

(kg mol-1) 
ĐM b 

PCL 55 6.5 1.4 1.5 1.06 

a Measured by 1H NMR spectroscopy in CDCl3. b Measured by SEC analysis 

(THF, RI, and UV309 detection). 
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Figure 3.2 (a) RI and (b) UV (λ = 309 nm) SEC chromatograms of PCL 

homopolymer using THF with 5 mM NH4BF4 as an eluent with poly(methyl 

methacrylate) (PMMA) standards. 

 

Analysis by matrix-assisted laser desorption/ionization time of flight (MALDI ToF) 

mass spectrometry of the PCL homopolymer was consistent with the expected 

molar mass as calculated by 1H NMR spectroscopy, which further confirmed 

the controlled nature of PCL polymerisation (Figure 3.3). The theoretical 

molecular weight of PCL repeat units is 114.14 g mol-1, which matches the 

MALDI ToF analysis and indicates minimal levels of water initiation and 

transesterification side reactions. The molecular weight and distribution 
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revealed that the majority of the homopolymer chains were charged with 

sodium, with only few charged with protons. 

 

 

Figure 3.3 MALDI ToF mass spectrum of PCL homopolymer demonstrated a 

m/z difference of 114.14 g mol-1 equivalent to theoretical PCL repeat units, and 

therefore minimal transesterification side-reactions. 

3.3.1.2 Synthesis of PCL-b-PMMA diblock copolymers 

In order to prevent disassembly of thee cylindrical micelles in water and 

subsequent rapid polymer precipitation, MMA was chosen as a hydrophobic 

RAFT compatible monomer to serve as an interfacial block. The RAFT 

polymerisation of MMA was carried out in 1,4-dioxane at 70 °C using the PCL 

macro-CTA as RAFT agent and 2,2′-azobis(2-methylpropionitrile) (AIBN) as the 

radical initiator (Scheme 3.3). The reaction reached 40% conversion after 5 h, 
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and then purification was performed by precipitation into ice-cold methanol to 

obtain the PCL-b-PMMA diblock copolymer. The 1H NMR spectroscopic 

analysis revealed a DP of 19 and thus an Mn of 8.4 kg mol-1, using the methyl 

resonances of the PMMA repeat units at δ = 3.59 ppm and δ = 1.02 ppm (Figure 

3.4). 

 

 

Scheme 3.3 Synthesis of PCL-b-PMMA diblock copolymer by RAFT 

polymerisation using AIBN as initiator. 

 

 

Figure 3.4 1H NMR spectrum (400 MHz, CDCl3) of PCL-b-PMMA diblock 

copolymer. 

 

SEC analysis of the diblock copolymer using THF as eluent showed a 

monomodal and narrow molecular weight distribution, without any observable 

evidence of low molecular weight species (ĐM = 1.07, PMMA standards, Table 

3.2, Figure 3.5), which indicated a well-controlled polymerisation. The SEC 

chromatogram from the UV-vis detector at 309 nm confirmed the retention of 

the trithiocarbonate end group on the PCL-b-PMMA diblock copolymer. 

Importantly, the absence of any unreacted PCL homopolymer was confirmed 
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by diffusion-ordered spectroscopy (DOSY) NMR analysis, where only one 

diffusion coefficient could be observed in the measured spectrum of PCL-b-

PMMA diblock copolymer (Figure 3.6). 

 

Table 3.2 Characterisation data of PCL-b-PMMA diblock copolymer. 

Sample DPPCL 
a DPPMMA 

a 
Mn 

a 

(kg mol-1) 

Mn 
b 

(kg mol-1) 

Mw 
b 

(kg mol-1) 
ĐM b 

PCL-b-PMMA 55 19 8.4 17.6 18.8 1.07 

a Measured by 1H NMR spectroscopy in CDCL3. b Measured by SEC analysis 

(THF, RI and UV309 detection). 

 

 

Figure 3.5 Overlaid (a) RI and (b) UV (λ = 309 nm) SEC chromatograms of 

PCL-b-PMMA diblock copolymer using THF with 5 mM NH4BF4 as an eluent 

(PMMA standards). 
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Figure 3.6 DOSY NMR spectrum (500 MHz, CDCl3) of PCL-b-PMMA diblock 

copolymer. 

3.3.1.3 Synthesis of PCL-b-PMMA-b-PTA triblock 

copolymers 

TA is a hydrophilic RAFT compatible monomer featuring a secondary amine, 

which endows it with an antibacterial activity.23 In order to prepare cylindrical 

micelles with an antimicrobial corona chemistry, a PCL-b-PMMA-b-PTA triblock 

copolymer was synthesized. The subsequent RAFT polymerisation of TA was 

undertaken using the trithiocarbonate end group of the PCL-b-PMMA macro-

CTA in 1,4-dioxane at 70 °C with AIBN as the radical initiator (Scheme 3.4). 

The reaction reached 71% monomer conversion as determined by 1H NMR 

spectroscopy after 24 h, followed by quenching the polymerisation and 

precipitation in ice-cold methanol.  
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Scheme 3.4 Synthesis of PCL-b-PMMA-b-PTA triblock copolymer by RAFT 

polymerisation using AIBN as initiator. 

 

 

Figure 3.7 1H NMR spectrum (400 MHz, CDCl3) of PCL-b-PMMA-b-PTA 

triblock copolymer. 

 

The successful synthesis of the PCL-b-PMMA-b-PTA triblock copolymer was 

confirmed by 1H NMR spectroscopy (Figure 3.7), where the methyl resonance 

of the PTA repeat units was observed at δ = 1.11 ppm, and the methylene 

resonances were at δ = 2.79 and δ = 4.02 ppm, giving a calculated DP of 142 

and an Mn of 34.7 kg mol-1. SEC analysis with THF as eluent showed a narrow 

molecular weight distribution with a clear shift in molecular weight after each 

block and no observable evidence of low molecular weight species (ĐM = 1.12,  

PMMA standards, Table 3.3, Figure 3.8). The chromatogram from the UV 

detector at 309 nm confirmed the retention of the trithiocarbonate end group on 

the PCL-b-PMMA-b-PTA triblock copolymer.  
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Table 3.3 Characterisation data of PCL-b-PMMA-b-PTA triblock copolymer. 

Sample DPPCL 
a DPPMMA 

a DPPTA 
a 

Mn 
a 

(kg mol-1) 

Mn 
b 

(kg mol-1) 

Mw 
b 

(kg mol-1) 
ĐM b 

PCL-b-

PMMA-b-

PTA 

55 19 142 34.7 40.8 45.8 1.12 

a Measured by 1H NMR spectroscopy in CDCl3. b Measured by SEC analysis 

(THF, RI, and UV309 detection).  

 

 

Figure 3.8 Overlaid (a) RI and (b) UV (λ = 309 nm) SEC chromatograms of 

PCL-b-PMMA-b-PTA triblock copolymer using THF with 5 mM NH4BF4 as the 

eluent and PMMA standards. 
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Furthermore, the absence of PCL homopolymer and PCL-b-PMMA diblock 

copolymer was confirmed by DOSY NMR, which showed a single diffusion 

coefficient in the measured spectrum correlating with the polymer peaks 

(Figure 3.9). 

 

 

Figure 3.9 DOSY NMR spectrum (500 MHz, CDCl3) of PCL-b-PMMA-b-PTA 

triblock copolymer. 

3.3.1.4 Synthesis of PCL-b-PTA diblock copolymer 

To study the morphology and stability of antibacterial cylindrical micelles in an 

aqueous environment, both PCL-b-PMMA-b-PTA and PCL-b-PTA block 

copolymers were synthesized for comparison. The PCL-b-PTA diblock 

copolymer was synthesized using the trithiocarbonate end group of the same 

PCL macro-CTA as above. The RAFT polymerisation was performed in 1,4-

dioxane at 70 °C with AIBN as the radical initiator (Scheme 3.5). 1H NMR 
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spectroscopic analysis revealed that the reaction reached 80% conversion after 

24 h, giving a DP of 160 and an Mn by NMR of 36.2 kg mol-1 (Figure 3.10), in 

close agreement with the Mn by SEC of 41.0 kg mol-1. 

 

 

Scheme 3.5 Synthesis of PCL-b-PTA diblock copolymer by RAFT 

polymerisation with AIBN as initiator. 

 

 

Figure 3.10 1H NMR spectrum (400 MHz, CDCl3) of PCL-b-PTA diblock 

copolymer. 

 

The SEC analysis using THF as eluent confirmed a low dispersity (ĐM = 1.13, 

PMMA standards, Table 3.4) with a clear shift in molecular weight and no 

observable evidence of low molecular weight species (Figure 3.11). The 

resultant chromatogram from the UV309 detector confirmed the retention of the 

trithiocarbonate end group on the PCL-b-PTA diblock copolymer. 
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Table 3.4 Characterisation data of PCL-b-PTA diblock copolymer. 

Sample DPPCL 
a DPPTA 

a 
Mn 

a 

(kg mol-1) 

Mn 
b 

(kg mol-1) 

Mw 
b 

(kg mol-1) 
ĐM b 

PCL-b-PTA 55 160 36.2 41.0 46.1 1.13 

a Measured by 1H NMR spectroscopy in CDCl3. b Measured by SEC analysis 

(THF, RI, and UV309 detection).  

 

 

Figure 3.11 Overlaid (a) RI and (b) UV (λ = 309 nm) SEC chromatograms of 

PCL-b-PTA diblock copolymer using THF with 5 mM NH4BF4 as the eluent and 

PMMA standards. 

3.3.2 Crystallisation-driven self-assembly of PCL-b-PMMA-b-

PTA triblock and PCL-b-PTA diblock copolymers 

Based on previous success with alcoholic solvents (Chapter Two), the self-
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nucleation of PCL55-b-PMMA19-b-PTA142 triblock and PCL55-b-PTA160 diblock 

copolymers was investigated at 5 mg mL-1 in methanol, ethanol, propan-2-ol, 

butan-1-ol, and butan-2-ol, whereby the samples were heated at 70 °C or 90 °C 

for 4 h without stirring before cooling to room temperature (RT). After ageing for 

5 days and 2 weeks at RT, the samples were imaged using an atomic force 

microscopy (AFM) and transmission electron microscopy (TEM) to ascertain 

their self-assembly morphologies. When considering the two self-assembly 

temperatures, the triblock assemblies prepared at 90 °C (Figure 3.14, Figure 

3.15, Figure 3.18, Figure 3.19) formed longer cylindrical micelles and fewer 

short cylinders compared with the 70 °C samples (Figure 3.12, Figure 3.13, 

Figure 3.16, Figure 3.17) after 2 weeks ageing. This indicated an improvement 

in the CDSA process of these triblock and diblock copolymers toward long 

cylindrical micelles with minimized short cylinders and spheres under the self-

assembly temperature at 90 °C. Besides, the self-assembly behaviours of the 

triblock and diblock copolymers were different, whereby the PCL55-b-PMMA19-

b-PTA140 triblock copolymer formed cylindrical structures in ethanol and propan-

2-ol, with particularly good cylinders in ethanol, whereas the PCL55-b-PTA160 

diblock copolymer assembled into cylindrical morphologies only in butan-1-ol. 

The successfully produced cylindrical micelles were subsequently analysed for 

their relative stabilities in water by dialyzing for 72 h with regular changes of 

deionized water. After the dialysis period, the samples in the water phase were 

imaged by TEM (Figure 3.20), where it was observed that the diblock 

copolymer cylinders had burst, indicating their aqueous instability. However, the 

triblock copolymer assemblies could maintain their cylindrical nanostructure, 

which highlighted the importance of the PMMA stabilizer block in preventing 

disassembly of the cylinders in water. 
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Figure 3.12 AFM images of micelles formed using the PCL55-b-PMMA19-b-

PTA142 triblock copolymer by spontaneous nucleation in alcohol solvents, 

heating at 70 °C for 4 h and subsequently cooling down to RT with ageing for 5 

days. (a) in methanol, (b) in ethanol, (c) in propan-2-ol. Scale bar = 2 µm. (d) 

in butan-1-ol, (e) in butan-2-ol. Scale bar = 1 µm. 

 

Figure 3.13 TEM micrographs of micelles formed using the PCL55-b-PMMA19-

b-PTA142 triblock copolymer by spontaneous nucleation in alcohol solvents, 

heating at 70 °C for 4 h and subsequently cooling down to RT with ageing for 2 

weeks. (a) in methanol, (b) in ethanol, (c) in propan-2-ol, (d) in butan-1-ol. Scale 

bar = 2000 nm. (e) in butan-2-ol. 1 wt% uranyl acetate was used as a negative 

stain. Scale bar = 5000 nm. 



 

150 

 

 

Figure 3.14 AFM images of micelles formed using the PCL55-b-PMMA19-b-

PTA142 triblock copolymer by spontaneous nucleation in alcohol solvents, 

heating at 90 °C for 4 h and subsequently cooling down to RT with ageing for 5 

days. (a) in methanol, (b) in ethanol, (c) in propan-2-ol. Scale bar = 1 µm. (d) 

in butan-1-ol, (e) in butan-2-ol. Scale bar = 2 µm. 

 

Figure 3.15 TEM micrographs of micelles formed using the PCL55-b-PMMA19-

b-PTA142 triblock copolymer by spontaneous nucleation in alcohol solvents, 

heating at 90 °C for 4 h and subsequently cooling down to RT with ageing for 2 

weeks. (a) in methanol, (b) in ethanol, (c) in propan-2-ol, (d) in butan-1-ol, (e) 

in butan-2-ol. 1 wt% uranyl acetate was used as a negative stain. Scale bar = 

2000 nm. 
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Figure 3.16 AFM images of micelles formed using the PCL55-b-PTA160 diblock 

copolymer by spontaneous nucleation in alcohol solvents, heating at 70 °C for 

4 h and subsequently cooling down to RT with ageing for 5 days. (a) in ethanol, 

(b) in propan-2-ol. Scale bar = 10 µm. (c) in butan-1-ol. Scale bar = 2 µm. (d) 

in butan-2-ol. Scale bar = 1 µm. 

 

Figure 3.17 TEM micrographs of micelles formed using the PCL55-b-PTA160 

diblock copolymer by spontaneous nucleation in alcohol solvents, heating at 

70 °C for 4 h and subsequently cooling down to RT with ageing for 2 weeks. (a) 

in ethanol, (b) in propan-2-ol, (c) in butan-1-ol, (d) in butan-2-ol. 1 wt% uranyl 

acetate was used as a negative stain. Scale bar = 2000 nm. 
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Figure 3.18 TEM micrographs of micelles formed using the PCL55-b-PTA160 

diblock copolymer by spontaneous nucleation in alcohol solvents, heating at 

90 °C for 4 h and subsequently cooling down to RT with ageing for 5 days. (a) 

in ethanol, (b) in propan-2-ol. Scale bar = 10 µm. (c) in butan-1-ol. Scale bar = 

2 µm. (d) in butan-2-ol. Scale bar = 5 µm. 

 

Figure 3.19 TEM micrographs of micelles formed using the PCL55-b-PTA160 

diblock copolymer by spontaneous nucleation in alcohol solvents, heating at 

90 °C for 4 h and subsequently cooling down to RT with ageing for 2 weeks. (a) 

in ethanol, (b) in propan-2-ol. Scale bar = 2000 nm. (c) in butan-1-ol. Scale bar 

= 1000 nm. (d) in butan-2-ol. 1 wt% uranyl acetate was used as a negative stain. 

Scale bar = 5000 nm. 
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Figure 3.20 TEM micrographs of micelles in water (a) cylinders prepared by 

PCL55-b-PMMA19-b-PTA142 triblock copolymer in ethanol and (b) in propan-2-ol, 

(c) cylinders prepared by PCL55-b-PTA160 diblock copolymer in butan-1-ol. 1 wt% 

uranyl acetate was used as a negative stain. Scale bar = 5000 nm. 

 

A comparison of the different self-assembly conditions indicated that for the 

PCL55-b-PMMA19-b-PTA142 triblock copolymer, heating at 90 °C for 4 h was the 

most promising method to prepare cylindrical micelles with good morphology 

and an extended and smooth appearance compared to their counterparts in 

other conditions, and therefore was selected as the CDSA conditions moving 

forward. As previously described in Chapter Two, wide-angle X-ray scattering 

(WAXS) analysis was used to confirm the crystalline nature of the cylindrical 

micelles (Figure 3.21), where two 2theta (2θ) peaks of crystalline PCL could be 

observed at ca. 21° and 24°.30-31 
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Figure 3.21 WAXS spectrum of nanoparticles prepared by the PCL55-b-

PMMA19-b-PTA142 triblock copolymer in ethanol heated at 90 °C for 4 h, which 

exhibited 2θ peaks of crystalline PCL at ca. 21° and 24°. 

3.3.3 Epitaxial growth of PCL-b-PMMA-b-PTA cylindrical 

micelles in ethanol 

Following the successful preparation of polydisperse cylindrical micelles 

through the spontaneous nucleation of the PCL50-b-PMMA20-b-PTA142 triblock 

copolymer, monodisperse cylinders of controlled lengths were prepared by 

epitaxial growth as a living CDSA process. First, uniform crystalline seeds to 

serve as initiation sites for seeded growth were prepared by probe sonication 

of the polydisperse cylinders. This was followed by the addition of polymer 

unimers, whereby cylindrical micelles with low dispersity and controlled lengths 

could be obtained (Scheme 3.6). 
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Scheme 3.6 Schematic representation for the epitaxial growth of PCL55-b-

PMMA19-b-PTA142 cylindrical micelles in ethanol from ca. 68 nm seed micelles. 

 

Before the epitaxial growth of the PCL55-b-PMMA19-b-PTA142 triblock copolymer, 

the polydisperse cylinders (Figure 3.22a) formed by spontaneous nucleation 

were treated with probe sonication to prepare cylindrical seeds, in accordance 

with the method in Chapter Two. The sonication was carried out under 

controlled temperature at 0 °C, by cooling the 0.5 mg mL-1 micelle solution in 

an ice bath for at least 10 minutes between every 2 minutes of the sonication 

treatment, in order to prevent undesired crystallisation caused by local high 

temperatures. After 40 minutes of sonication in total the micelles were imaged 

by TEM, which confirmed that uniform crystalline seeds with ca. 68 nm of 

number average length were obtained (Figure 3.22b, Table 3.5). 

 

 

Figure 3.22 TEM micrographs of (a) polydisperse cylinders and (b) 

monodisperse seeds. 1 wt% uranyl acetate was used as a negative stain. Scale 

bar = 1000 nm. 
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Table 3.5 Length dispersity of seeds formed by probe sonication of PCL55-b-

PMMA19-b-PTA142 cylindrical micelles. 

Target Lw
a (nm) Ln

b (nm) Lw/Ln 

Seeds 70 68 1.03 

Imaged by TEM, with one hundred cylinders per sample counted to measure 

the length of cylinders by ImageJ. a Lw = weight average length. b Ln = number 

average length. 

 

After obtaining the seeds in ethanol, precise monodisperse cylinders with 

controlled lengths were obtained by adding a specific amount of unimer solution, 

which was prepared by dissolving the PCL55-b-PMMA19-b-PTA142 triblock 

copolymer in good solvents. In this study, the triblock copolymer was first 

dissolved in tetrahydrofuran (THF) to prepare a 10 mg mL-1 unimer solution. 

Then, the unimer solution was added at different unimer-to-seed ratios into 0.05 

mg mL-1 seeds solution in ethanol, followed by 2 weeks of ageing. However, the 

resultant TEM images indicated that the cylindrical micelles were not 

successfully elongated (Figure 3.23). This was initially suspected to be due to 

the solubility of the triblock copolymer in the selective solvent, which could be 

improved by loading more THF into the seeds solution or using different good 

solvents for dissolving the unimers, such as 80:20 ethanol/tetrahydrofuran 

(EtOH/THF) or 90:10 EtOH/THF as selective solvents or using chloroform and 

N,N-dimethylformamide (DMF) as good solvents. 
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Figure 3.23 TEM micrographs of (a) monodisperse seed micelles, and the 

epitaxial growth targeted unimer-to-seed ratio (b) 2.5, (c) 7.35, (d) 10, (e) 20 

nm, and (f) 30. 1 wt% uranyl acetate was used as a negative stain. Scale bar = 

2000 nm. 

 

From the TEM micrographs (Figure 3.24), considering the high unimer-to-seed 

ratio (5:1 in this case), the growth of cylindrical micelles was not as pronounced 

as expected in all attempts after two weeks of ageing. The samples in 80:20 

EtOH/THF selective solution formed oval lamellar nanostructures of 

uncontrolled size, and in contrast, the cylindrical micelles in other attempts 

exhibited a limited capacity for growth. However, using DMF as the good 

solvent showed more promise to form longer micelles in comparison with other 

samples, and thus DMF was selected as a good solvent for dissolving unimers 

in the subsequent epitaxial growth studies. 
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Figure 3.24 TEM micrographs of epitaxial growth with a targeted unimer-to-

seed ratio of 5:1 (a) in 80:20 EtOH/THF with THF as unimer solution, (b) in 

90:10 EtOH/THF with THF as unimer solution, (c) in ethanol with chloroform as 

unimer solution, (d) in ethanol with DMF as unimer solution. 1 wt% uranyl 

acetate was used as a negative stain. Scale bar = 2000 nm. 

3.3.4 Epitaxial growth of PCL-b-PMMA-b-PTA cylindrical 

micelles in ethanol in the presence of 2,2,2-trifluoroethan-

1-ol as a hydrogen bond disruptor 

For epitaxial growth to be efficient, all (or virtually all) the added unimer needs 

to grow from the seed micelle termini. In the case of PCL55-b-PMMA19-b-PTA142, 

undesirable limitations on the epitaxial growth occurred. One possible 

explanation could be the formation of an N−H∙∙∙N hydrogen bond (HB) between 

a proton of a secondary amine and a nitrogen atom of a secondary amine on 

other corona chains. Intermolecular HBs are important non-covalent 

interactions in macromolecules, and play an essential role in the formation of 

nanostructures.32-34 In this study, it was theorized that the crystallisation 

process of the PCL block could be hampered by limiting the movement and 
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congregation of unimers. The PTA block features secondary amine groups, 

which can be expected to provide weak interactions of HBs and van der Waals 

forces, as the secondary amine provides a hydrogen atom bonded to a nitrogen 

atom for forming intermolecular HBs. Therefore, the PTA block could restrict the 

crystallisation of the PCL block during the self-assembly. As HB might play a 

vital role in unimer aggregation and epitaxial growth, the HB disruption agent 

TFE was investigated. 

 

In order to prevent the congregation of unimers when adding the unimers to 

seed solutions, the HB disruption agent 2,2,2-trifluoroethan-1-ol 

(trifluoroethanol, TFE) was added into the selective solvent system.32, 35 As 

reported in the previous literature,32 unimer solutions with unimer-to-seed mass 

ratios of 2.5, 10, 20, and 30 were added into the seed solutions of TFE/EtOH 

mixed selective solvent with volume ratios of 3:97. The resulting solution was 

then manually shaken for 10 seconds and aged for 2 days at RT before imaging 

by TEM. From these results (Figure 3.25), the micelle size was observed to 

increase with the addition of unimers, forming lamellar micelles. The micellar 

morphology of PCL-based block copolymers is known to vary with 

crystallisation temperature (Tc),36 whereby block copolymers with a lower 

solubility in the selective solvent form lamellar micelles at a higher Tc, while 

spherical or cylindrical micelles are obtained at a lower Tc. In this study, PTA as 

a half hydrophilic and half hydrophobic polymer could potentially form cylindrical 

micelles at low Tc. 

 

 

Scheme 3.7 Schematic representation for the epitaxial growth of PCL55-b-

PMMA19-b-PTA142 cylindrical micelles in ethanol with the HB disruption agent. 
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Figure 3.25 TEM micrographs of epitaxial growth in TFE/EtOH mixed selective 

solvent (volume ratios of 3:97) at RT with unimer-to-seed ratios of (a) 2.5 (b) 

10, (c) 20, and (d) 30. 1 wt% uranyl acetate was used as a negative stain. Scale 

bar = 1000 nm. 

 

Therefore, the ageing process of epitaxial growth was next performed at 3 ˚C, 

however this time the seed solution of TFE/EtOH mixed selective solvent with 

volume ratios of 3:97 was pre-cooled to 3 ˚C before the addition of unimer 

solutions with unimer-to-seed mass ratios of 2.5, 10, 20, and 30. The resultant 

solution was then manually shaken for 10 seconds and aged at 3 ˚C for 2 days 

before characterisation by TEM. The analysis (Figure 3.26, Table 3.6) 

confirmed that cylindrical micelles were obtained, and that their size increased 

with the addition of unimers. However, small lamellar structures were formed in 

the centre of the cylindrical micelles, which caused the formation of polymer 

fibre bundles. To optimize epitaxial growth conditions, the volume ratio of the 

TFE/EtOH mixed selective solvent was investigated, which included 1:99, 2:98, 

5:95, 10:90, and 15:85. 
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Figure 3.26 TEM micrographs of the epitaxial growth in TFE/EtOH mixed 

selective solvent with volume ratios of 3:97 at 3 ˚C with unimer-to-seed ratios 

of (a) 2.5 (b) 10, (c) 20, and (d) 30. 1 wt% uranyl acetate was used as a negative 

stain. Scale bar = 1000 nm. 

 

Table 3.6 Length dispersity of cylinders formed by epitaxial growth of PCL55-b-

PMMA19-b-PTA142 cylindrical micelles in TFE/EtOH with volume ratio of 3:97. 

Unimer/Seeds Lw
a (nm) Ln

b (nm) Lw/Ln 

2.5 241 216 1.12 

10 597 560 1.07 

20 737 704 1.05 

30 1293 1221 1.06 

Imaged by TEM and one hundred cylinders per sample were counted to 

measure the length of cylinders by ImageJ. a Lw = weight average length. b Ln 

= number average length. 

 

According to the TEM images (Figure 3.26-29), the cylindrical bundles were 

formed in the TFE/EtOH mixed selective solvents with volume ratios of 3:99 

(Figure 3.26, Table 3.6), 2:98 (Figure 3.27, Table 3.7), and 1:99 (Figure 3.28, 
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Table 3.8), whereas only lamellar structures were obtained after the increase 

of the amount of TFE (Figure 3.29). These phenomena might be attributed to 

the increased mobility of the triblock copolymers, as the larger amount of TFE 

led to an excessive solubility of the polymer, which allowed the PCL block to 

readily aggregate and crystallise. However, in all samples, small lamellar 

structures could still be observed in the centre of the cylindrical micelles, which 

might be attributed to the solubility of triblock copolymers in the selective 

solvent and the morphology and crystalline orientation of seeds. Therefore, 

several methods were attempted to remove these lamellar structures, which 

included reducing Tc, reducing the additive amount of the good solvent, using 

poly(ɛ-caprolactone)-block-poly(methyl methacrylate)-block-poly(N, N-dimethyl 

acrylamide) (PCL-b-PMMA-b-PDMA) seeds (in Chapter Two), and tuning the 

corona chain lengths of the triblock copolymers. 

 

 

Figure 3.27 TEM micrographs of epitaxial growth in TFE/EtOH mixed selective 

solvent with volume ratios of 2:98 at 3 ˚C with unimer-to-seed ratios of (a) 2.5 

(b) 10, (c) 20, and (d) 30. 1 wt% uranyl acetate was used as a negative stain. 

Scale bar = 1000 nm. 
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Table 3.7 Length dispersity of cylinders formed by epitaxial growth of PCL55-b-

PMMA19-b-PTA142 cylindrical micelles in TFE/EtOH with volume ratio of 2:98. 

Unimer/Seeds Lw
a (nm) Ln

b (nm) Lw/Ln 

2.5 219 205 1.07 

10 506 477 1.06 

20 924 903 1.02 

30 1227 1201 1.02 

Imaged by TEM, with one hundred cylinders per sample counted to measure 

the length of cylinders by ImageJ. a Lw = weight average length. b Ln = number 

average length. 

 

 

Figure 3.28 TEM micrographs of epitaxial growth in TFE/EtOH mixed selective 

solvent with volume ratios of 1:99 at 3 ˚C with unimer-to-seed ratios of (a) 2.5 

(b) 10, (c) 20, and (d) 30. 1 wt% uranyl acetate was used as a negative stain. 

Scale bar = 1000 nm. 
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Table 3.8 Length dispersity of cylinders formed by epitaxial growth of PCL55-b-

PMMA19-b-PTA142 cylindrical micelles in TFE/EtOH with volume ratio of 1:99. 

Unimer/Seeds Lw
a (nm) Ln

b (nm) Lw/Ln 

2.5 233 216 1.08 

10 692 668 1.04 

20 1006 970 1.04 

30 1229 1184 1.04 

Imaged by TEM, with one hundred cylinders per sample counted to measure 

the length of cylinders by ImageJ. a Lw = weight average length. b Ln = number 

average length. 

 

 

Figure 3.29 TEM micrographs of epitaxial growth at 3 ˚C in (a) TFE/EtOH of 

5:95 with unimer-to-seed ratios of 10 (b) TFE/EtOH of 10:90 with unimer-to-

seed ratios of 20, (c) TFE/EtOH of 15:85 with unimer-to-seed ratios of 30. 1 wt% 

uranyl acetate was used as a negative stain. Scale bar = 1000 nm. 

 

The Tc of the epitaxial growth step was further lowered, whereby the seed 

solution of TFE/EtOH mixed selective solvent with a volume ratio of 2:98 was 

pre-cooled at -20 ˚C, before the addition of unimer solutions with unimer-to-

seed mass ratios of 2.5, 10, 20, and 30. The resultant solution was then 

manually shaken for 10 seconds and aged at -20 ˚C for 5 days before 

characterisation by TEM. However, analysis (Figure 3.30) still showed that a 

mixture of cylindrical and lamellar micelles was obtained. After ageing for 10 

days, the morphologies didn’t improve, and instead more lamellar micelles were 

produced. Therefore, using -20 ˚C as Tc could not improve the formation of 



 

165 

 

cylindrical micelles. Considering that the good solvent could also lead to 

lamellar structures because of increased solubility of the unimers, a reduced 

amount of good solvent was considered. Therefore, a concentrated unimer 

solution of 40 mg mL-1 was used instead of the low concentration unimer 

solution at 10 mg mL-1. After ageing for 6 days at 3 ˚C, the TEM images (Figure 

3.31, Table 3.9) showed that cylindrical micelles were formed as expected, but 

the lamellar structures at the centre of the polymer fibre bundles were still 

present. 

 

 

Figure 3.30 TEM micrographs of epitaxial growth in TFE/EtOH mixed selective 

solvent with volume ratios of 2:98 at -20 ˚C with unimer-to-seed ratios of (a) 2.5 

(b) 10, (c) 20, and (d) 30. 1 wt% uranyl acetate was used as a negative stain. 

Scale bar = 1000 nm. 
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Figure 3.31 TEM micrographs of epitaxial growth in TFE/EtOH mixed selective 

solvent with volume ratios of 2:98 at 3 ˚C by adding concentrated unimer 

solutions with unimer-to-seed ratios of (a) 2.5 (b) 10, (c) 20, and (d) 30 . 1 wt% 

uranyl acetate was used as a negative stain. Scale bar = 1000 nm. 

 

Table 3.9 Length dispersity of cylinders formed by epitaxial growth of PCL55-b-

PMMA19-b-PTA142 cylindrical micelles in TFE/EtOH with volume ratio of 1:99. 

Unimer/Seeds Lw
a (nm) Ln

b (nm) Lw/Ln 

2.5 358 352 1.02 

10 428 404 1.06 

20 1196 1134 1.06 

30 1674 1647 1.02 

Imaged by TEM, with one hundred cylinders per sample counted to measure 

the length of cylinders by ImageJ. a Lw = weight average length. b Ln = number 

average length. 

 

In Chapter Two, the PCL50-b-PMMA-20-b-PDMA200 seeds had produced ideal 

cylindrical micelles when used as the crystalline nuclei. Considering that both 

PCL50-b-PMMA-20-b-PDMA200 triblock copolymers and PCL55-b-PMMA19-b-
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PTA142 triblock copolymers have the same crystalline core, the PCL50-b-PMMA-

20-b-PDMA200 seeds were subsequently used as the crystalline nuclei for the 

epitaxial growth of PCL55-b-PMMA19-b-PTA142 triblock copolymers in order to 

reduce the formation of lamellar structures in the centre of the cylindrical 

micelles. The unimers were added into the PCL50-b-PMMA-20-b-PDMA200 

seeds solution in TFE/EtOH (volume ratio 1:99), and then the resultant solution 

was manually shaken for 10 seconds and aged at 3 ˚C for 5 days before 

characterisation by TEM. However, the lamellar structures were still observed 

at the centre of the polymer fibre bundles (Figure 3.32, Table 3.10). After 

several attempts and experimental conditions, ultimately all epitaxial growth of 

the triblock copolymer formed polymer fibre bundles. Therefore, the corona 

length was next considered to tune the solubility of the triblock, and thus remove 

the lamellar structures. 

 

 

Figure 3.32 TEM micrographs of epitaxial growth in TFE/EtOH mixed selective 

solvent with volume ratios of 1:99 at 3 ˚C by using PCL50-b-PMMA-20-b-

PDMA200 seeds with unimer-to-seed ratios of (a) 2.5 (b) 10, (c) 20, and (d) 30. 

1 wt% uranyl acetate was used as a negative stain. Scale bar = 1000 nm. 
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Table 3.10 Length dispersity of cylinders formed by epitaxial growth of PCL55-

b-PMMA19-b-PTA142 cylindrical micelles in TFE/EtOH with volume ratio of 1:99 

by using PCL50-b-PMMA-20-b-PDMA200 seeds as crystalline nucleis. 

Unimer/Seeds Lw
a (nm) Ln

b (nm) Lw/Ln 

2.5 192 186 1.03 

10 558 535 1.04 

20 745 702 1.06 

30 1088 1036 1.05 

Imaged by TEM, with one hundred cylinders per sample counted to measure 

the length of cylinders by ImageJ. a Lw = weight average length. b Ln = number 

average length. 

3.3.5 Synthesis of PCL-b-PMMA-b-PTA triblock copolymers 

with various corona chain lengths 

As the PCL55-b-PMMA19-b-PDMA142 triblock copolymers formed cylindrical 

micelle bundles rather than single cylinders, the self-assembly behaviours of 

PCL55-based triblock copolymers with different corona chain lengths were next 

investigated. By changing the corona chain lengths, the solubilities of the 

triblock copolymers in the selective solvent would potentially be tuned, and 

therefore the morphologies of self-assembly products could be modified. Thus, 

PCL-b-PMMA-b-PTA triblock copolymers with longer or shorter corona chain 

lengths were synthesized by RAFT polymerisation. TA was polymerised using 

the trithiocarbonate end group of the RAFT macro-CTA in 1,4-dioxane at 70 °C 

with AIBN as the radical initiator (Scheme 3.4). After a reaction time of 24 h, 

the polymerisations reached 83% (PTA100) and 80% (PTA159) monomer 

conversion respectively as determined by 1H NMR spectroscopy. The triblock 

copolymers were purified by precipitation into ice-cold methanol for further 

characterisation. 
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The successful synthesis of PCL-b-PMMA-b-PTA triblock copolymers with 

different corona chain lengths was confirmed by 1H NMR spectrum (Figure 

3.33), where the methyl resonance of the PTA repeat units was observed at δ 

= 1.11 ppm, and the methylene resonances were found at δ = 2.79 and δ = 4.02 

ppm. Characterisation by SEC using THF as eluent indicated a narrow 

molecular weight distribution and no obvious low molecular weight species 

(Table 3.11, Figure 3.34). The SEC chromatogram from the UV detector at 309 

nm confirmed the retention of the trithiocarbonate end group on the PCL-b-

PMMA-b-PTA triblock copolymers. 

 

 

Figure 3.33 Overlaid 1H NMR spectra (400 MHz, CDCl3) of PCL-b-PMMA-b-

PTA triblock copolymers with different corona chain lengths. 
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Table 3.11 Characterisation data of PCL-b-PMMA-b-PTA triblock copolymers. 

Sample DPPCL 
a DPPMMA 

a DPPTA 
a 

Mn 
a 

(kg mol-1) 

Mn 
b 

(kg mol-1) 

Mw 
b 

(kg mol-1) 
ĐM b 

PCL55-b-

PMMA19-b-

PTA100 

55 19 100 27.0 34.3 40.3 1.18 

PCL55-b-

PMMA19-b-

PTA159 

55 19 159 37.9 52.0 62.2 1.20 

a Measured by 1H NMR spectroscopy in CDCl3. b Measured by SEC analysis 

(THF, RI, and UV309 detection). 

 

 

Figure 3.34 Overlaid (a) RI and (b) UV (λ = 309 nm) SEC chromatograms of 

PCL-b-PMMA-b-PTA triblock copolymers (DMF with 5 mM NH4BF4). 
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3.3.6 Epitaxial growth of PCL-b-PMMA-b-PTA triblock 

copolymers with different corona chain lengths in ethanol 

in the presence of 2,2,2-trifluoroethan-1-ol as a hydrogen 

bond disruptor 

The epitaxial growth of PCL55-based triblock copolymers with different corona 

chain lengths was investigated to explore whether polymer corona chain length 

could affect the morphology of the micelles. The PCL55-b-PMMA19-b-PTA100 

and PCL55-b-PMMA19-b-PTA159 triblock copolymers were added into the seeds 

solution with a TFE/EtOH volume ratio of 2:98, followed by shaking the solution 

for 10 seconds and ageing at 3 °C for 4 days. It could be seen by TEM that for 

the triblock copolymer with the shorter corona chain length (PCL55-b-PMMA19-

b-PTA100), the lamellar nanostructures were still observed in the centre of the 

polymer fibre bundles after ageing for 4 days (Figure 3.35, Table 3.12). When 

increasing the corona chain length, lamellar micelles were also obtained by the 

epitaxial growth of PCL55-b-PMMA19-b-PTA159 triblock copolymers with ageing 

for 4 days (Figure 3.36). Therefore, from the above attempts, the PCL-b-

PMMA-b-PTA triblock copolymers were not able to form single cylindrical 

micelles with controlled lengths by epitaxial growth with the HB disrupter (TFE). 

 

Given that cylindrical micelle bundles had been observed in many of the 

experimental conditions, micro-differential scanning calorimetry (micro-DSC) 

was utilized to further understand the reason for their formation by analysing 

the PCL50-b-PMMA20-b-PDMA200 cylinders (Chapter Two) and PCL55-b-

PMMA19-b-PTA142 cylinders in ethanol. First, the weight percent of the PCL 

block in the PDMA-based triblock (24.5 wt%) and PTA-based triblock (18.8 wt%) 

were calculated, and then the thermal histories of both copolymers were 

compared (Figure 3.37a). The melting temperature (Tm) of the PTA-based 

triblock was higher than for the PDMA-based sample, even though the PDMA-
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based triblock had a higher PCL weight percent, which illustrated a better 

crystallisation behaviour of the PTA-based triblock copolymer. Moreover, after 

removing the thermal history, the cooling processes of both triblock copolymers 

were also compared (Figure 3.37b), where The Tc of the PTA triblock 

copolymer was higher than the PDMA-based triblock copolymer, which 

indicated a more facile crystallisation of the PCL block in the PTA-based 

polymer. From the above results it was apparent that the PCL block in the PTA 

copolymer exhibited a superior crystallisation behaviour, which may induce the 

formation of lamellar morphologies during the epitaxial growth process. 

 

 

Figure 3.35 TEM micrographs of the epitaxial growth of PCL55-b-PMMA19-b-

PTA100 triblock copolymer with shorter corona chain length in TFE/EtOH mixed 

selective solvent (volume ratio of 2:98) at 3 ˚C with unimer-to-seed ratios of (a) 

2.5 (b) 10, (c) 20, and (d) 30. 1 wt% uranyl acetate was used as a negative 

stain. Scale bar = 1000 nm. 
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Table 3.12 Length dispersity of cylinders formed by epitaxial growth of PCL55-

b-PMMA19-b-PTA100 cylindrical micelles in TFE/EtOH with volume ratio of 2:98. 

Unimer/Seeds Lw
a (nm) Ln

b (nm) Lw/Ln 

2.5 337 322 1.05 

10 520 475 1.10 

20 794 761 1.04 

30 937 888 1.06 

Imaged by TEM, with one hundred cylinders per sample counted to measure 

the length of cylinders by ImageJ. a Lw = weight average length. b Ln = number 

average length. 

 

 

Figure 3.36 TEM micrographs of the epitaxial growth of PCL55-b-PMMA19-b-

PTA159 triblock copolymer with longer corona chain length in TFE/EtOH mixed 

selective solvent (volume ratio of 2:98) at 3 ˚C with unimer-to-seed ratios of (a) 

2.5 (b) 10, (c) 20, and (d) 30. 1 wt% uranyl acetate was used as a negative 

stain. Scale bar = 1000 nm. 
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Figure 3.37 Micro-DSC thermogram for (a) heating and (b) cooling processes 

of PCL-b-PMMA-b-PDMA and PCL-b-PMMA-b-PTA triblock copolymers. 

 

The lengths of the cylindrical micelle bundles formed in the presence of TFE as 

a HB disruptor were compared in order to understand the best conditions for 

epitaxial growth. All cylinder samples were plotted (Figure 3.38), and it was 

observed that all samples demonstrated living growth (linear fitting). The 

epitaxial growth of PTA seed samples in TFE/EtOH with a volume ratio of 2:98 

exhibited the best line fitting. In comparison, the micelle lengths of the 2:98 

samples with the concentrated unimer solution were closer to the theoretical 

value. 
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Figure 3.38 A plot of linear epitaxial growth of PCL-b-PMMA-b-PTA cylinders 

with narrow length dispersity (error bars represented the standard deviation (σ) 

of the length distribution) in comparison to the theoretical length (red circles), 

where the cylindrical micelles were grown from ca. 68 nm seeds. 

3.3.7 Epitaxial growth of PCL-b-PMMA-b-PTA triblock 

copolymers in a large-scale 

In order to prepare precise monodisperse cylinders with controlled lengths for 

further characterisation of mechanical and antibacterial properties, a large-

scale epitaxial growth was performed at 3 ˚C. A unimer solution at 100 mg mL-

1 was prepared by dissolving the PCL55-b-PMMA19-b-PTA142 triblock copolymer 

in DMF, which is miscible with the TFE/EtOH selective solvent. The PTA-based 

seed solution in TFE/EtOH mixed selective solvent with volume ratio of 2:98 

was pre-cooled to 3 ˚C before the addition of unimer solutions with unimer-to-

seed mass ratios of 3.5, 7.4, 11.0, 21.0, and 31.0. The resultant solution was 

manually shaken for 10 seconds and aged at 3 ˚C for 2 weeks with regular 
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observation of the morphologies. Cylindrical micelle bundles with controlled 

lengths were successfully obtained, where the length of cylinders increased 

with the addition of unimers, with longer cylinder solutions exhibiting more 

turbidity. The controlled linear epitaxial growth was confirmed by TEM, with the 

precise lengths of monodisperse cylindrical micelle bundles as predicted and 

reaching micrometres in length (Figure 3.39, Table 3.13) in proportion to the 

amount of added unimer (Figure 3.40, Figure 3.41). 

 

 

Figure 3.39 TEM micrographs of (a) polydisperse cylinders, (b) seeds, and the 

epitaxial growth of the PCL55-b-PMMA19-b-PTA142 triblock copolymer in 

TFE/EtOH mixed selective solvent (volume ratios of 2:98) at 3 ˚C with unimer-

to-seed ratios of (c) 3.5 (d) 7.4, (e) 11.0, (f) 21.0, (g) 31.0. 1 wt% uranyl acetate 

was used as a negative stain. Scale bar = 1000 nm. 
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Table 3.13 Length dispersity of cylinders formed by epitaxial growth of PCL55-

b-PMMA19-b-PTA142 cylindrical micelles. 

Target (nm) Lw
a (nm) Ln

b (nm) Lw/Ln 

Seeds 70 68 1.03 

238 244 232 1.05 

500 512 497 1.03 

748 758 737 1.03 

1428 1452 1404 1.03 

2108 2087 2053 1.02 

Imaged by TEM, with one hundred cylinders per sample counted to measure 

the length of cylinders by ImageJ. a Lw = weight average length. b Ln = number 

average length. 

 

 

Figure 3.40 A plot of linear epitaxial growth of PCL55-b-PMMA19-b-PTA142 

cylinders with narrow length dispersity (blue triangles, error bars represented 

the standard deviation (σ) of the length distribution) in comparison to the 

theoretical length (red circles), where the cylindrical micelles were grown from 

ca. 68 nm seeds. 
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Figure 3.41 Histograms of the diameter distribution of (a) seeds, (b) 235 nm 

cylinders, (c) 500 nm cylinders, (d) 748 nm cylinders, (e) 1428 nm cylinders, (f) 

2108 nm cylinders. 

 

The obtained monodisperse polymer fibre bundles with precise lengths were 

then transferred into an aqueous solution by dialysis against water for 72 h to 

allow for mechanical and antimicrobial studies, after which the nanoparticles 

still exhibited stable cylinder bundle structures without disassembly (Figure 

3.42). The cationic feature of the PTA-based assembled cylinders due to the 

tert-butylamino group on the PTA block (pKa 9.12)22-23 being positively charged 

in neutral water was confirmed by zeta-potential (ζ-potential) measurements, 

which were found to be more than +30 mV for all cylinders (Table 3.14). 
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Figure 3.42 TEM micrographs of (a) polydisperse cylinders. Scale bar = 2000 

nm. (b) 68 nm seeds, (c) 238 nm cylinders, (d) 500 nm cylinders, (e) 748 nm 

cylinders, (f) 1428 nm cylinders, and (g) 2108 nm cylinders in the water. 1 wt% 

uranyl acetate was used as a negative stain. Scale bar = 1000 nm. 

 

Table 3.14 Zeta-potentials of cylinders measured in water at pH 6.5. 

Cylinders (nm)a Zeta-potential (mV)b 

68 +41 

238 +37 

500 +36 

748 +32 

1428 +31 

2108 +33 

a Cylinders were prepared by epitaxial growth of PCL55-b-PMMA19-b-PTA142 

triblock copolymers. b Zeta-potentials were measured at pH 6.5. 
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3.3.8 End group modification of PCL-b-PMMA-b-PDMA 

triblock copolymers 

In order to further investigate the CDSA behaviour of the secondary amine-

containing PTA-based triblock copolymer that required the presence of HB 

reagents, a modification of the trithiocarbonate end group on the existing 

PCL50-b-PMMA20-b-PDMA200 triblock copolymers (Chapter Two) by TA 

monomers was considered. The addition of a TA monomer at the terminal end 

of the PDMA corona chain could be used to provide a secondary amine group, 

and thus cationic micelles in the aqueous phase. Through the combination of a 

previously reported aminolysis and Michael addition reaction,37 the 

trithiocarbonate end group was removed using hexan-1-amine and 3,3',3''-

Phosphinetriyltripropanoic acid hydrochloride (TCEP.HCl) in DMF, while the TA 

monomer with an acrylate functional group was subsequently reacted to the 

end of the polymer chain by a facile one-pot procedure. After purification, the 

secondary amine on the end of the triblocks could be positively charged in water, 

giving a potential antibacterial activity (Scheme 3.7). 

 

 

Scheme 3.8 Schematic representation for the modification of the 

trithiocarbonate end group of the PCL50-b-PMMA20-b-PDMA200 triblock 

copolymer with a single secondary amine group. 

 

In the aminolysis reaction, a thiol group was first formed by the reaction 

between the trithiocarbonate and a primary amine nucleophile, followed by a 

thiol-ene Michael addition “click” reaction. After the reaction, visually colourless 

polymers were obtained, which indicated the successful removal of the 

trithiocarbonate end group. This could also be confirmed by SEC analysis, 
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where no UV309 signal corresponding to the trithiocarbonate end group could 

be observed (Figure 3.43). The 1H NMR spectroscopic analysis was unable to 

confirm new signals corresponding to the addition of the TA monomer because 

of the overlap with the broad polymer peaks. 

 

 

Figure 3.43 Overlaid UV SEC signals (mAU) at 309 nm of PCL50-b-PMMA20-b-

PDMA200 before and after the end group modification as a function of retention 

time (min) (DMF with 5 mM NH4BF4). 

 

To further confirm the existence of the TA monomer at the end of the triblock 

copolymers, a ninhydrin assay was performed, which is a commonly used 

colourimetric assay to test for primary and secondary amines. Secondary 

amines and 2,2-dihydroxyindane-1,3-dione (also known as ninhydrin) are 

readily converted into purple-red compounds by heating at 100 °C.38 Through 

this method,39 the secondary amines at the end of the triblock copolymers could 

be qualitatively and quantitatively determined using known concentrations of TA 

monomer as standards. Briefly, the TA monomer solutions in 1,4-dioxane with 
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different molar concentrations and a TA modified polymer solution in 1,4-

dioxane with a specific molar concentration was mixed with the ninhydrin 

reagent, followed by heating at 100 °C for 15 minutes. After cooling to RT, the 

absorbance at 560 nm was measured by a UV-vis spectrophotometer (Figure 

3.44). A standard curve was produced from the reaction between the TA 

monomers and the ninhydrin, with the linear fit equation utilized to calculate the 

proportion of triblock copolymers modified by TA monomers (Equation 3.1). It 

was calculated that polymer chains containing secondary amines accounted for 

ca. 85.7% of the total. 

 

 

Figure 3.44 UV-vis absorbances at 560 nm of the compounds obtained by the 

ninhydrin assay. 

 

𝑦 = 0.00543 + 0.002𝑥   Equation 3.1 
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3.3.9 Crystallisation-driven self-assembly and epitaxial 

growth of TA modified PCL-b-PMMA-b-PDMA triblock 

copolymer 

After obtaining the TA modified PDMA-based triblock copolymer, their self-

assembly was performed in ethanol. The spontaneous nucleation of TA 

modified PCL50-b-PMMA20-b-PDMA200 was carried out at 5 mg mL-1, followed 

by heating at 90 °C for 4 h without stirring before cooling to RT. The 

morphologies were imaged by TEM after ageing for 2 weeks, which confirmed 

that cylindrical micelles were obtained (Figure 3.45a). Seeds were next 

prepared by probe sonication for further epitaxial growth of a series of cylinders 

with controlled lengths. The TEM images confirmed that ca. 81 nm seeds were 

prepared (Figure 3.45b), with one hundred cylindrical seeds counted to 

measure the length of cylinders by ImageJ (Table 3.15). Then, the epitaxial 

growth of TA modified PDMA-based triblock copolymers was initially performed 

in ethanol at RT, which was consistent with the method in Chapter Two. 

However, after ageing, the seeds were not elongated despite the unimer-to-

seed ratio of three (Figure 3.45c). 

 

 

Figure 3.45 TEM micrographs of (a) polydisperse cylinders, (b) monodisperse 

seeds, and (c) epitaxial growth targeted unimer-to-seed ratio of 3:1. 1 wt% 

uranyl acetate was used as a negative stain. Scale bar = 1000 nm. 
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Table 3.15 Length dispersity of seeds formed by probe sonication of TA 

modified PCL50-b-PMMA20-b-PDMA200 cylindrical micelles. 

Target (nm) Lw
a (nm) Ln

b (nm) Lw/Ln 

Seeds 92 85 1.08 

Imaged by TEM, with one hundred cylinders per sample counted to measure 

the length of cylinders by ImageJ. a Lw = weight average length. b Ln = number 

average length. 

 

Considering the secondary amines at the end of the polymers, the epitaxial 

growth method that was used for PTA-based triblock copolymers was next 

attempted at 3 ˚C in the TFE/EtOH selective solvent with a volume ratio of 2:98. 

After the addition of unimers in DMF with unimer-to-seed mass ratios of 3.5, 6, 

8.5, 11, and 16, the solution was manually shaken for 10 seconds and aged at 

3 ˚C for 2 weeks with regular analysis of the morphologies. The TEM results 

showed the formation of cylindrical micelles with controlled lengths, which 

increased with the addition of unimer. The precise lengths of monodisperse 

cylindrical micelles were as predicted (Figure 3.46, Table 3.16, Figure 3.47), 

which indicated the controlled nature of this growth (Figure 3.48). 
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Figure 3.46 TEM micrographs of (a) polydisperse cylinders, (b) seeds, and the 

epitaxial growth of TA modified PCL50-b-PMMA20-b-PDMA200 triblock 

copolymers in TFE/EtOH selective solvent (volume ratios of 2:98) at 3 ˚C with 

unimer-to-seed ratios of (c) 3.5 (d) 6.0, (e) 8.5, (f) 11.0, and (g) 16.0. 1 wt% 

uranyl acetate was used as a negative stain. Scale bar = 1000 nm. 

 

Table 3.16 Length dispersity of cylinders formed by epitaxial growth of TA 

modified PCL50-b-PMMA20-b-PDMA200 cylindrical micelles. 

Target (nm) Lw
a (nm) Ln

b (nm) Lw/Ln 

Seeds 88 85 1.03 

298 303 295 1.03 

510 524 501 1.05 

723 721 704 1.02 

935 931 915 1.02 

1360 1363 1336 1.02 

Imaged by TEM, with one hundred cylinders per sample counted to measure 

the length of cylinders by ImageJ. a Lw = weight average length. b Ln = number 

average length. 
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Figure 3.47 A plot of linear epitaxial growth of TA modified PCL50-b-PMMA20-b-

PDMA200 cylinders with narrow length dispersity (blue triangles, error bars 

represented the standard deviation (σ) of the length distribution) in comparison 

to the theoretical length (red circles), where the cylindrical micelles were grown 

from ca. 85 nm seeds. 

 



 

187 

 

 

Figure 3.48 Histograms of the diameter distribution of (a) seeds, (b) 298 nm 

cylinders, (c) 510 nm cylinders, (d) 723 nm cylinders, (e) 935 nm cylinders, (f) 

1360 nm cylinders. 

 

The obtained monodisperse polymer fibres were then transferred into an 

aqueous phase by dialysis against water for 72 h to allow for antimicrobial 

studies. The nanoparticles retained their stable cylinder bundle structures 

without disassembly (Figure 3.49). The ζ-potentials of the TA modified PDMA-

based assembled cylinders were analysed, which revealed that the ζ-potential 

values of all the samples were close to 0, likely as the single TA molecule was 

at the terminal end of the corona chain. 
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Figure 3.49 TEM micrographs of (a) polydisperse cylinders. Scale bar = 2000 

nm. (b) seeds, (c) 298 nm cylinders, (d) 510nm cylinders, (e) 723 nm cylinders, 

(f) 935 nm cylinders, and (g) 1360 nm cylinders in the water. 1 wt% uranyl 

acetate was used as a negative stain. Scale bar = 1000 nm. 

3.3.10 Self-assembly of PCL-b-PMMA-b-PTA triblock 

copolymers in solution 

To further understand the role of the nanoparticle shape in the resultant 

properties, such as the antibacterial activity and the mechanical strength of 

nanocomposite hydrogels, spherical micelles were also prepared using a 

conventional self-assembly method in solution. A solvent switch method was 

used, whereby the PCL55-b-PMMA19-b-PTA142 triblock copolymer was 

dissolved in a common solvent (such as THF) for both blocks, followed by the 

slow addition of an excess of ultrapure water (18.2 MΩ·cm) through a syringe 

pump and finally exhaustive dialysis against ultrapure water to remove the 

organic solvent.40 
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After dialysis, dynamic light scattering (DLS) and TEM were used to check the 

size and morphology of spheres. Using ultrapure water as the solvent, DLS 

analysis of a 1 mg mL-1 dispersion of particles showed a unimodal population 

by number, volume, and intensity (Figure 3.50), with a diameter of 162.6 nm 

and a polydispersity index (PDI) of 0.107 (Table 3.17). The large DLS result 

was possibly attributed to the aggregation of spheres caused by the HBs 

between the secondary amines on the corona chains. TEM images showed the 

presence of aggregates of the spherical micelles with a size of ca. 160 nm. The 

diameter of the individual micelles was calculated as ca. 23 nm, by counting 

one hundred spheres to measure by ImageJ. Zeta-potential measurements 

were also performed to confirm the cationic character of the spherical 

nanoparticles (Table 3.17). 

 

 

Figure 3.50 (a) DLS analysis with (b) correlation function, and (c) TEM 

micrograph of PCL55-b-PMMA19-b-PDMA142 spherical micelles in water. 

Samples were stained with 1 wt% uranyl acetate in water. Scale bar = 500 nm. 



 

190 

 

Table 3.17 Characterisation of PCL55-b-PMMA19-b-PDMA142 spherical micelles. 

Zeta-potential (mV)a Dh
b (nm) PDIb Diameter (nm) c 

+32 162.6 0.107 23 

a Zeta-potentials were measured at pH 6.5. b Dh were measured by DLS in the 

water. c one hundred cylinders per sample were counted to measure the length 

of cylinders by ImageJ. 

3.3.11 Mechanical properties of nanocomposite calcium-

alginate hydrogels with PCL55-b-PMMA19-b-PTA142 

cylindrical micelles 

The relationship between the size of the cylindrical micelle bundles and the 

mechanical properties of the nanocomposite hydrogels were then studied. 

Similarly to the second chapter, a calcium-alginate hydrogel network system 

was chosen as the matrix because of its low mechanical strength, 

biocompatibility, facile processing technology, and prospects in translational 

medicine. It is well known that the alginate hydrogel system is negatively 

charged because of the presence of carboxylic acid groups, and can thus 

crosslink with cationic molecules, such as the divalent calcium cation. The PCL-

b-PMMA-b-PTA triblock copolymer has secondary amine groups that can also 

physically crosslink with hydrogels containing anionic moieties. As such, the 

PTA-based cylinders could better enhance the mechanical properties of the 

nanocomposite hydrogels in comparison with the PDMA-based cylinder 

samples, which were approximately neutral charge in water. 

 

The calcium-alginate hydrogel without cylinders was considered as the control 

group, and was prepared by the combination of sodium alginate (1.5 wt%), 

calcium carbonate (CaCO3, 0.5 eq.), and D-glucono-δ-lactone (GDL, 1.0 eq.). 

During the gelation, the slow hydrolysis of GDL gave time for the uniform 
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dispersion of the released calcium ions, which led to a slow gelation process 

and weak mechanical strength.41 Next, the incorporation of the polycationic 

polymer fibre bundles with precise lengths was investigated (Scheme 3.8), 

where the nanocomposite hydrogels were prepared as described above with a 

constant concentration of calcium for crosslinking, followed by blending with 

different equivalents of monodisperse PCL55-b-PMMA19-b-PDMA142 cylindrical 

micelle bundles at RT. 

 

 

Scheme 3.9 Preparation of nanocomposite hydrogels using cationic cylindrical 

composite materials with precise lengths. 

 

Oscillatory rheology analyses, including frequency and amplitude sweeps, were 

utilized to measure the mechanical strength of the hydrogels because the gels 

would break under steady shear. A control was performed in each dataset to 

ensure trends were not affected by slight variations in sample preparation, e.g., 

the temperature of the lab while preparing or the error of analytical balance, 

which caused a small shift in the magnitude of the theoretical moduli between 

data sets. The gel-like behaviour of all samples was confirmed by the storage 

and loss modulus (G' and G"), where a G' > G" was observed in the entire range 

of the frequency sweep in all attempts (Figure 3.51). Furthermore, the strain-

dependent information was confirmed by the amplitude sweep, which showed 

the broad linear-viscoelastic (LVE) region and subsequent hydrogel network 

breakdown with the increase of the strain in all attempts with multiple runs, 

which was in agreement with the expected shear-thinning behaviour and the 

self-healing nature of this non-covalently crosslinked hydrogel system. 
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Specifically, in the LVE region, G' kept stable when increasing the strain, which 

indicated that the gel’s structure had not been destroyed. Besides, no 

substantial change in G' was observed with the increase of the nanoparticle 

content, meaning a low potential for embrittlement of the nanocomposite 

hydrogels when loading nanofillers. As the strains increased further, the strain 

at the flow point (τf) was obtained where the intersection of the curves for G' 

and G'' was reached, and the value of shear strains was determined at the 

crossover point (G' = G", Figure 3.52), which means the nanocomposite 

hydrogels was broken and in the point towards liquid-like. However, after 

loading nanoparticles, the interaction between hydrogel networks and 

nanoparticles was strengthened, leading to the enhanced strength of gels, 

making nanocomposite hydrogels less likely to be broken and more resistant to 

the shear strain. 

 

From the amplitude sweep results, the control group without any nanoparticle 

additive showed a low strain at the flow point, which was at ca. 20%. Upon 

gelation in the presence of 0.04, 0.06, 0.08, 0.10, and 0.12 wt% controlled 

length cylindrical micelle bundles, the flow strain was enhanced (Figure 3.53). 

Statistical analyses (Table 3.18) of the strain at the flow point of the polymer 

fibre bundles with different lengths indicated a maximum enhancement strain 

up to 51% was achieved by combining 500 nm PCL55-b-PMMA19-b-PTA142 

cylinder bundles. This result was not only higher than its counterparts with other 

lengths and PTA-based sphere samples, but also distinctly higher than the 500 

nm PDMA-based cylinder samples (Chapter Two), which were enhanced ca. 

37%. This phenomenon was attributed to the positive charge of the cationic 

cylinder bundles in water, and further confirmed our hypothesis in Chapter Two, 

whereby the strain of nanocomposite hydrogels was related to the pore size of 

the calcium-alginate hydrogels and thus ca. 500 nm cylindrical micelles could 

better pack into the hydrogel pores. 
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Figure 3.51 Dynamic oscillatory frequency sweeps at 0.5% strain of calcium- 

crosslinked alginate hydrogels at 0.50 eq. calcium with 0 wt% (control), 0.04 

wt%, 0.06 wt%, 0.08 wt%, 0.10 wt%, and 0.12 wt% PCL55-b-PMMA19-b-PTA142 

cylindrical micelle bundles with different lengths, which included (a) 238 nm, (b) 

500 nm, (c) 748 nm, (d) 1428 nm, (e) 2108 nm, (f) polydisperse cylinders, and 

(g) small spheres. 
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Figure 3.52 Strain-dependent oscillatory rheology measurements at 10 rad s-1 

angular frequency (ω) of calcium-crosslinked alginate hydrogels at 0.50 eq. 

calcium with 0 wt% (control), 0.04 wt%, 0.06 wt%, 0.08 wt%, 0.10 wt%, and 

0.12 wt% PCL55-b-PMMA19-b-PTA142 cylindrical micelle bundles with different 

lengths, which included (a) 238 nm, (b) 500 nm, (c) 748 nm, (d) 1428 nm, (e) 

2108 nm, (f) polydisperse cylinders, and (g) small spheres. 
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Figure 3.53 Histogram of comparison of strain at the flow point for 

nanocomposite hydrogels incorporating cationic cylindrical micelle bundles at 

different wt%. Error bars represent the standard deviation of the data. 

 

For the 500 nm samples, with the increase of nanoparticle content, the strain 

at the flow point was dramatically enhanced, followed by a steady climb. This 

was attributed to steric hindrance, where the redundant cylinder bundles could 

not pack into the hydrogel pores, hence reducing the homogeneity and 

disrupting hydrogel formation. Additionally, considering the micelles were 

positively charged, an overload of cationic charge could lead to inefficient 

crosslinking. In contrast, the nanocomposite hydrogels with 238 nm cylinder 

bundles and small spherical micelles were lower than the 500 nm samples, 

likely as the shorter cylinders or small spheres were unable to effectively 

connect the hydrogel networks in the pores of the calcium-alginate hydrogels. 

Furthermore, when adding longer cylinder bundles, such as 1428 nm and 2108 

nm, no significant enhancement was observed on the strain at the flow point of 

their corresponding hydrogel samples, even with increasing nanoparticle 

content. This phenomenon could be attributed to the steric hindrance caused 
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by large micelles, which hindered the formation of hydrogel networks. 

Polydisperse cylinder bundles which were composed by mixing equal masses 

of cylinder bundles with different lengths showed a robust enhancement ability 

on the hydrogel strain. This ability was second only to the 500 nm samples, and 

thus demonstrated the essential role of the 500 nm cylinder bundles in 

enhancing the mechanical properties of the calcium-alginate hydrogels. 

 

Table 3.18 Strain at the flow point of nanocomposite alginate hydrogels 

enriched with different concentrations of PCL55-b-PMMA19-b-PTA142 cylinder 

bundles with different lengths. Data are presented as average ± standard 

deviation. 

Nanoparticle 

content (wt%) 

238 

nm 

500 

nm 

748 

nm 

1428 

nm 

2108 

nm 
Polydisperse Spheres 

0 20.5 ± 1.5 

0.04 
20.5 

± 1.3 

26.5 

± 0.6 

22.4 

± 0.9 

21.5 

± 1.4 

21.0 

± 1.4 
25.2 ± 4.0 

20.0 ± 

0.8 

0.06 
25.5 

± 1.9 

36.7 

± 1.8 

26.2 

± 2.8 

21.4 

± 1.3 

22.4 

± 1.8 
29.3 ± 3.9 

21.5 ± 

1.2 

0.08 
28.2 

± 2.3 

44.0 

± 3.0 

33.3 

± 2.1 

21.9 

± 1.8 

24.4 

± 2.3 
34.2 ± 3.5 

23.9 ± 

1.3 

0.10 
31.2 

± 1.4 

48.6 

± 3.2 

37.8 

± 2.4 

23.0 

± 1.8 

25.7 

± 2.6 
38.1 ± 3.7 

24.4 ± 

3.3 

0.12 
33.8 

± 2.2 

50.6 

± 3.8 

41.1 

± 2.2 

23.7 

± 1.7 

26.7 

± 3.2 
42.6 ± 2.8 

24.6 ± 

2.0 

Three gels per sample were measured, each gel was tested a minimum of three 

times. 
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From the above, the relationship between the length of polymer fibre bundles 

and the strain at the flow point of nanocomposite calcium-alginate hydrogels 

was confirmed, with the 500 nm cylinder bundles giving the highest 

enhancement of mechanical strength. In contrast, the shear strengths of other 

lengths at the same nanoparticle weight percentage were lower, similarly with 

the neutral cylinders in the second chapter. However, the strain at the flow point 

of the PTA-based cylinder samples was still distinctly higher than PDMA-based 

cylinder samples with similar cylinder length, which could be attributed to the 

cationic nature of the PTA block. This work confirmed the importance of the 

sizes of additives on the mechanical property, where 238 nm, 500 nm, and 748 

nm cylinder bundles could significantly contribute to the mechanical resistance 

to shear as a consequence of the better dispersion of short cylinders in 

hydrogels. In contrast, the 1428 nm and 2108 nm cylinder bundles hindered the 

enhancement of their mechanical properties because of the steric hindrance of 

bigger micelles. Whereas, the PTA-based sphere samples were lower than 

most of the cylinder bundle samples, which could be attributed to differences in 

morphology and size. The small spheres couldn't act as a good crosslinker for 

the hydrogel networks, which further demonstrated the physiological 

importance of polymer fibre bundles in mimicking fibrillar collagen. Overall, the 

mechanical properties of nanocomposite hydrogels could be tuned by 

controlling the morphology and size of micelles, providing a model for further 

design of man-made biomimetic fibrillar hydrogels. 

3.3.12 Synthesis of PTA homopolymers 

For the proposed evaluation of the antibacterial activity, PTA homopolymers 

were synthesized to serve as individual polymer controls. The polymerisation 

of TA was controlled using the trithiocarbonate end group of a dual-headed CTA 

in 1,4-dioxane at 70 °C with AIBN as the radical initiator (Scheme 3.9). After 24 

h of reaction, 71% monomer conversion was achieved as determined by 1H 
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NMR spectroscopy, which corresponded to a DP of 141 (PTA141). The 

homopolymer was purified by precipitation in ice-cold methanol. 

 

 

Scheme 3.10 Synthesis of the PTA homopolymer by RAFT polymerisation with 

a dual-headed CTA and AIBN initiator. 

 

The 1H NMR spectrum (Figure 3.54) confirmed the successful synthesis of the 

PTA homopolymer, with the methyl resonance of the PTA repeat units observed 

at δ = 1.11 ppm, and the methylene resonances at δ = 2.79 and δ = 4.02 ppm. 

The DPPTA was calculated by comparing the integrated characteristic signals 

from the PTA homopolymers (δ = 2.79 or δ = 4.02 ppm) with those assigned to 

the end group of the CTAs (δ = 3.26) (Table 3.19). SEC characterisation with 

THF as the eluent indicated a narrow molecular weight distribution with no 

evidence of low molecular weight species (Table 3.19, Figure 3.55). From the 

SEC chromatograms, the UV detector at 309 nm confirmed the retention of the 

trithiocarbonate end group on the PTA homopolymer. 
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Figure 3.54 1H NMR spectrum (400 MHz, CDCl3) of the PTA homopolymer. 

 

Table 3.19 Characterisation data of PTA homopolymer. 

Samples DPPTA 
a 

Mn 
a 

(kg mol-1) 

Mn 
b 

(kg mol-1) 

Mw 
b 

(kg mol-1) 
ĐM b 

PTA141 141 14.2 25.8 30.0 1.16 

a Measured by 1H NMR spectroscopy in CDCl3. b Measured by SEC analysis 

(THF, RI, and UV309 detection). 
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Figure 3.55 (a) RI and (b) UV (λ = 309 nm) SEC chromatograms of PTA 

homopolymer (THF with 5 mM NH4BF4). 

3.3.13 Antibacterial evaluations of cationic PCL55-b-PMMA19-b-

PTA142 cylindrical micelle bundles 

Poly[2-(tert-butylaminoethyl) methacrylate] (PTA) is a polycationic polymer, 

which exhibits a relatively high antibacterial activity and a low toxicity to human 

cells.18-20 The tert-butylamino groups are positively charged in the neutral water 

(pKa 9.12), which causes the bacterial death while avoiding the haemolysis 

caused by quaternization.18, 21-23 Self-assembled cationic polymeric 
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nanostructures have previously shown an antibacterial activity by forming 

secondary structures, which increases the charge density, before interacting 

with the microbial membrane.14, 42 Besides, through the modification of several 

polymeric nanoparticle properties such as dimensions, morphologies, surface 

charges, and chemistry, their antibacterial activities could be improved.15-16 By 

using CDSA, the PTA-based polymer micelle bundles were formed with length 

control as a result of the epitaxial growth, and are therefore a promising method 

to investigate the relationship between the length of the micelles and the 

corresponding antibacterial activity. 

 

The cationic cylindrical polymeric micelles were expected to exhibit more 

efficient interactions with the bacterial membrane compared with the cationic 

spherical micelles or individual polymer molecules, due to the increased 

cationic charges of the self-assembled cylindrical nanostructures, which playes 

a significant role in the disintegration of the bacterial membrane through 

electroporation or the sinking raft model.43 In addition, the greater surface area 

of cylindrical structures could potentially lead to more effective interactions with 

the bacteria membrane and subsequent disintegration in comparison with their 

spherical counterparts or the individual molecules, and thus improved 

antimicrobial activities.14 To understand the relationship between the length of 

polycationic cylindrical micelles and their antibacterial properties, all samples 

were analysed for their activity against E. coli and S. aureus as Gram-negative 

and Gram-positive bacteria, respectively. 

 

The minimal inhibitory concentration (MIC) was utilized to evaluate the 

bacteriostatic activity of polycationic cylindrical micelle bundles, where the MIC 

was defined as the minimum concentration of an antibacterial reagent at which 

no visible growth of microbes was observed. In brief, the MIC assay was carried 

out using a broth microdilution method. First, sample stock solutions were 
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placed into the first wells of polystyrene microassay plates (96-well Microtest), 

followed by the addition of bacteria culture solution and serial dilution of each 

sample lengthways across the well plate. Then, a microorganism solution with 

an optical density (OD) of ca. 0.7-0.8 at 600 nm wavelength of visible light (OD 

at 600 nm) was added to each well, and the microplates were incubated at 

37 °C and 150 rpm for 24 h. MIC values were measured by measuring the 

optical density in comparison to control wells of culture medium with no bacteria 

and bacteria with no compounds, and the results corresponded to the lowest 

concentration in micrograms per millilitre that limited the development of 

turbidity after 24 h. 

 

As expected, the assays revealed that the cationic micelles showed 

bacteriostatic activities (Table 3.20), with all samples showing MIC values lower 

than 500 μg mL−1. Specifically, for the antibacterial activity against S. aureus, 

the 500 nm PTA-based nanostructures exhibited the lowest MIC results for both 

SA01 and SA02 bacterial colonies, with MIC values of 125 μg mL−1. In 

comparison, PTA-based cylindrical nanoparticles with prolonged or shortened 

lengths had decreased antimicrobial properties. The PTA-based polydisperse 

cylindrical micelle bundles showed higher MIC values, suggesting an essential 

role of monodisperse micelles with specific sizes in the resultant antibacterial 

properties against bacteria. The bacteriostatic properties of the nanoparticles 

against E. coli were also evaluated, where 748 nm PTA-based nanoparticles 

showed the lowest MIC values of 125 μg mL−1 against EC07 and 62.5 μg mL−1 

against EC19, respectively. The 500 nm and 1428 nm samples also exhibited 

good activities, with MIC values against both EC07 and EC19 of 125 μg mL−1. 

Their counterparts with longer or shorter micelle lengths, or the polydisperse 

samples, all showed higher MIC values similarly to the S. aureus results. 

Comparing the above data, the MIC values of PTA-based cylindrical micelles 

were cell-type-dependent, where the results against E. coli (rod bacterium, 1.0-



 

203 

 

2.0 μm) were generally equal or lower than S. aureus (spherical bacterium, up 

to 1 μm in diameter) under the same conditions. Typically, cationic 

nanoparticles have toxicities against both gram-negative and gram-positive 

bacteria, however, this tends to be closely related to the degree of interaction 

of the particles with the bacterial membrane, and therefore it is possible that the 

cylindrical structures may exhibit an enhanced antibacterial effect against rod-

like bacteria compared to spherical bacteria due to the greater potential for cell-

surface attachment.44 

 

When analysing the PTA-based spherical micelles, the MIC values against both 

S. aureus and E. coli were 500 μg mL-1, showing lower bacteriostatic activities 

than the cylindrical samples. This phenomenon could be attributed to the 

smaller surface area of the spherical micelles compared to cylindrical micelles, 

which led to less effective interactions with the bacteria membrane and thus 

decreased antimicrobial activities. Furthermore, no notable difference in MIC 

was observed with sphere-like or rod-like bacteria, which might be due to them 

being too small to exhibit any notable difference in antimicrobial properties for 

specific bacterial morphologies or sizes. The MIC values of PTA homopolymers 

against all bacterial colonies were 250 μg mL-1. In this case, the individual 

polymers were unable to form secondary structures before interacting with the 

microbial membrane, giving slightly higher MIC results with no preference for 

either bacteria. Finally, as expected, the PDMA cylindrical micelles of 500 nm 

length as a negative control exhibited the highest MIC results due to their 

neutral charge in water. It is worth mentioning that all TA modified cylinders as 

a control set of particles did not show any antimicrobial activities in any of the 

bacteria strains tested, which confirms that a single TA unit is not sufficient. 
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Table 3.20 Antibacterial properties of polycationic nanostructures with PDMA-based cylinders as a negative control and ciprofloxacin 

as a positive control. 

Bacteria Property MIC (µg mL-1) 

Bacteria a + or - b 
68 

nm c 

238 

nm c 

500 

nm c 

748 

nm c 

1428 

nm c 

2108 

nm c 
Polydisperse d Spheres e 

Individual 

polymers f 

PDMA 

cylinders g 
Ciprofloxacin h 

S. aureus (SA01) + 500 500 125 250 250 250 500 500 250 1000 0.125 

S. aureus (SA02) + 250 250 125 125 250 250 500 500 250 1000 8 

E. coli (EC07) - 125 250 125 125 125 125 250 500 250 1000 0.025 

E. coli (EC19) - 125 250 125 62.5 125 250 250 500 250 1000 0.5 
a Bacteria abbreviations: Staphylococcus aureus (sphere-like), Escherichia coli (rod-like). 
b + or - indicates Gram-positive and Gram-negative bacteria, respectively. 
c PCL55-b-PMMA19-b-PTA142 cylinder bundles with different lengths of 238 nm, 500 nm, 748 nm, 1428 nm, and 2108 nm, respectively. 
d PCL55-b-PMMA19-b-PTA142 polydisperse cylinder bundles were composed of mixing equal masses of cylinder bundles with different lengths. 
e PCL55-b-PMMA19-b-PTA142 spheres were prepared by a solvent switch method with a diameter of 23 nm. 
f PTA homopolymers with degree of polymerisation of 141. 
g PCL50-b-PMMA20-b-PDMA200 triblock cylinders with a length of 500 nm was used as a negative control. 
h Ciprofloxacin was used as a positive control. 
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From the above, the bacteriostatic activity of polycationic PCL55-b-PMMA19-b-

PTA142 cylindrical micelle bundles with controlled lengths was compared, where 

it was found that in general, the antibacterial effect of these constructs against 

S. aureus or E. coli appeared to vary as a function of nanoparticle sizes or 

morphologies. The 500 nm cylinders exhibited a higher antibacterial activity 

with S. aureus than their counterparts with different lengths, spherical shapes, 

or free polymer. In comparison, the 748 nm samples showed an enhanced 

antimicrobial activity against E. coli than other cylindrical samples, spherical 

micelles, or free polymer. This trend was cell-type-dependent, which could be 

related to the morphology and size of bacteria.17 Overall, this highlights that 

control over the morphology and size of polycationic micelles can potentially 

tune the specific bacteriostatic properties of the nanoparticles, providing a 

reference for the design of antibacterial nanocomposites in the future. 
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3.4 Conclusions 

In this chapter, the preparation of a range of polycationic cylindrical micelle 

bundles with controlled lengths based on a crystallisable block copolymer was 

investigated. The nanoparticles exhibited the antibacterial activity and could be 

used as nanocomposite additives in calcium-alginate hydrogels. This study 

highlighted that the single cylinders were difficult to prepare on account of the 

formation of the hydrogen bonding from the secondary amines on the PTA 

corona chains during the ageing process, and the strong crystallinity of the PCL 

crystalline core on the PTA-based triblock copolymer compared to the PCL 

block of the PDMA-based triblock copolymer. As a result, the cylindrical fibre 

bundles with controlled sizes were obtained. Given that nanoparticle size is 

known to play a significant role in the mechanical properties and the 

antibacterial activity of biomedical materials, this study highlights the potential 

of CDSA as an effective and facile method to prepare polycationic polymer 

fibres with precisely controlled lengths for enhancing the mechanical property 

of nanocomposite hydrogels and tuning the antimicrobial activity of assembled 

micelles. 

 

According to the results, the mechanical strength of nanocomposite hydrogels 

varies with the size of the additives, where the 238 nm, 500 nm, 748 nm, and 

polydisperse polycationic cylinder bundles are capable of enhancing the strain 

at the flow point of their corresponding hydrogels. In contrast, no significant 

enhancement is observed when blending 1428 nm and 2108 nm samples. This 

trend is very similar to the results using the neutral cylinders in the second 

chapter. Still, the performance of polycationic cylindrical micelles in enhancing 

the properties of the anionic alginate hydrogels was superior compared with the 

neutral polymer fibres. Based on the relationship between the length of polymer 

fibres and the shear strain of nanocomposite hydrogels, by uniformly blending 

the cationic polymer fibres with a specific length, the hydrogel strength can be 
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significantly enhanced, with the pore size of the hydrogel networks found to be 

the key parameter. In contrast, the polycationic small spheres were not able to 

enhance the mechanical performance of the hydrogels as their small size could 

not interact with the hydrogel networks effectively. In addition, micelles with 

longer lengths also could not improve gel performance, which was attributed to 

steric hindrance effects. In addition, when an overload of cationic micelles 

occurs, the mechanical properties of the alginate-based hydrogel cannot be 

enhanced efficiently due to inefficient crosslinking. When investigating the 

antibacterial activity of the cylinders, the 500 nm polycationic cylinder bundles 

exhibit a higher antibacterial activity against the S. aureus bacterial strain, while 

the 748 nm polymer fibres are more resistant to the E. coli strain. However, their 

counterparts with shorter or longer lengths have a weaker antibacterial ability, 

where this ability is related to the shape and size of the bacteria, which indicates 

a cell-type-dependent antimicrobial activity of polycationic micelles.  

 

From the above, the polycationic cylindrical micelle bundles with bacteriostatic 

ability provide naturally derived anionic hydrogels a fibrillar structure to enhance 

their mechanical properties. Therefore, they have potential to act as biomimetic 

fibrillar collagen bundles to prepare a synthetic extracellular matrix with 

tuneable mechanical properties and antibacterial activities for biomedical 

applications, such as antibacterial dressings and packaging. Under these goals, 

techniques such as mercury intrusion porosimetry, Brunauer-Emmett-Teller 

(BET) nitrogen adsorption analysis, and cryogenic-scanning electron 

microscopy (cryo-SEM) can be employed to understand the pore size of 

hydrogels, and thus cylindrical micelles of particular lengths can be customized 

for the specific enhancement of hydrogel mechanical properties. In future work, 

we intend to investigate the minimum bactericidal concentration (MBC) of 

polycationic cylinder bundles to understand their bactericidal ability and test the 

antibacterial ability of nanocomposite hydrogels with polycationic cylinder 
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bundles, followed by the evaluation of their biocompatibility and finally cell 

behaviour inside the hydrogel networks by adjusting the length and content of 

polycationic cylinder bundles. 
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3.5 Experimental 

3.5.1 Materials 

Chemicals and solvents were purchased from Sigma-Aldrich, Acros, Fluka, TCI, 

Fisher Chemical, Alfa Aesar, or VWR. ε-Caprolactone (ε-CL) monomer was 

distilled over calcium hydride before being stored in a glove box under an inert 

atmosphere. Diphenyl phosphate (DPP) was recrystallised once from dried 

CHCl3/Hexane (3:1) and dried over phosphorus pentoxide (P2O5) before use. 

(-)-Sparteine was dried over calcium hydride and distilled before use. 1,4-

Dioxane, chloroform, methyl methacrylate (MMA), and 2-(tert-butylamino)ethyl 

methacrylate (TA) were purified by passing through basic alumina before use. 

2,2′-Azobis(2-methylpropionitrile) (AIBN) was received from Molekula, 

recrystallised twice from methanol, and stored in the dark at 4 °C. Deuterated 

solvents were received from Apollo Scientific. Low-molecular weight, low-

viscosity sodium alginate was purchased from Sigma Aldrich as a light brown 

powder (Product code: W201502). 

 

The bacteria used in this work consisted of Gram-positive Staphylococcus 

aureus bacteria of SA01 and SA02 strains and Gram-negative Escherichia coli 

bacteria of EC07 and EC19 strains, which were purchased from LGC Standards, 

Middlesex, UK, and used within a passage window of 30. Liquid Luria-Bertani 

(LB) medium (final pH 7.4) was purchased from Sigma-Aldrich, which contained 

the following: 10.0 g tryptone, 5.0 g yeast extract, and 10.0 g sodium chloride. 

3.5.2 Instrumentation 

1H NMR spectra were recorded at 400 MHz on a Bruker AV-400 spectrometer, 

respectively. All spectra were recorded in CDCL3 unless otherwise stated. The 

chemical shifts are reported as δ in parts per million (ppm) and quoted 
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downfield from the internal standard tetramethylsilane (δ = 0 ppm). 

 

Diffusion-ordered spectroscopy (DOSY) NMR was performed on a Bruker AV-

500 AVANCE spectrometer equipped with a 5 mm broadband observe (BBO) 

z-axis gradient probe, which generated nominal maximum field strengths of 

53.5 G cm-1. The measurement was carried out using stimulated echo and LED 

pulse sequences incorporating bipolar-gradient pulses for diffusion with a 

diffusion time of 100 ms and a LED delay of 5 ms. For each experiment, pulsed-

field gradients with a duration of 2.5 ms and a recovery delay of 200 μs were 

applied respectively with increases from 5% to 95% of the maximum strength 

in 32 equally spaced steps. Experiments were performed on samples at a 

polymer concentration of 10 mg mL-1 in deuterated chloroform with active 

temperature regulation at 298 K. The DOSY spectrum was processed by the 

Bruker Topspin S3 software package (version 2.1). 

 

Size exclusion chromatography (SEC) in THF was performed on an Agilent 

1260 Infinity II LC system equipped with a Wyatt DAWN HELEOS II multi-angle 

laser light scattering (MALLS) detector, a Wyatt Optilab T-rEX differential 

refractive index detector, an Agilent 1260 Infinity II WR diode array detector, an 

Agilent guard column (PLGel 5 μM, 50 × 7.5 mm) and two Agilent Mixed-C 

columns (PLGel 5 μM, 300 × 7.5 mm). The mobile phase was THF (HPLC grade) 

containing 5 mM NH4BF4 at 50 °C at flow rate of 1.0 mL min-1. Number average 

molecular weights (Mn), weight average molecular weights (Mw) and 

dispersities (ĐM = Mw/Mn) were determined using Wyatt ASTRA v7.1.3 software 

against poly(methyl methacrylate) (PMMA) standards. For molecular weight 

determination via MALLS, dn/dc values were either measured by differential 

refractometry or calculated from the SEC chromatograms assuming 100% 

mass elution from the columns. 
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Mass spectra were obtained using a Bruker Ultraflex II MALDI ToF mass 

spectrometer. The MALDI ToF samples were prepared using trans-2-[3-(4-t-

butyl-phenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) as matrix and 

sodium trifluoroacetate (NaTFA) was used as cationization agent. The typical 

procedure is as follows: DCTB (2 μL, 10 mg mL-1 in tetrahydrofuran (THF)), 

sample (2 μL, 1 mg mL-1 in THF) and NaTFA (2 μL, 0.1 mg mL-1 in THF) were 

added to the MALDI ToF plate followed by solvent evaporation. The samples 

were measured in reflection ion mode and calibrated by SpheriCal (1200 - 8000 

g mol-1) standards. 

 

Bandelin Sonopuls HD2200 sonication probe was performed in an ice bath, 

where sonication was carried out in cycles of 2 minutes sonication, followed by 

10 minutes of cooling in an ice bath (0 °C). Samples were regularly taken at 

time points and analysed by TEM. Seed micelles were obtained by 20 minutes 

sonication. 

 

Zeta-potentials (ζ-potentials) were measured using a Malvern Zetasizer Nano 

ZS. The ζ-potentials of particles in suspension at pH 6.0 were obtained by 

measuring the electrophoretic movement of the particles under an applied 

electric field at 25 °C. All determinations were repeated 5 times. 

 

Hydrodynamic diameters (Dh) of particles were determined by dynamic light 

scattering (DLS) using a Malvern Zetasizer Nano ZS fitted with a 4 mW He-Ne 

633 nm laser module at 20 °C. Measurements were carried out at a detection 

angle of 173° (backscattering), and the data were analysed using Malvern DTS 

7.03 software. All determinations were repeated 5 times. Dh was calculated by 

fitting the apparent diffusion coefficient in the Stokes-Einstein equation. 

 

TEM was performed using JEOL 2000FX or JEOL 2100FX at 200 kV. TEM 
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solution was typically made up at 0.1 mg mL-1 in a solvent. Then, 10 μL of 

sample solution was dropped onto a carbon/formvar-coated copper grid placed 

on filter paper. After 10 minutes drying, 10 μL of a 1 wt% uranyl acetate solution 

was dropped onto the grid and left to dry overnight. TEM images were analysed 

by Image J. The number-average length (Ln), and weight-average length (Lw) 

were obtained by counting at least 100 particles for each sample. Ln and Lw 

were calculated by the following equations:  

 

𝐿𝑛 =  
∑ 𝑁𝑖𝐿𝑖

𝑛
𝑖=1

∑ 𝑁𝑖
𝑛
𝑖=1

   Equation 3.2 

𝐿𝑤 =  
∑ 𝑁𝑖𝐿𝑖

2𝑛
𝑖=1

∑ 𝑁𝑖𝐿𝑖
𝑛
𝑖=1

   Equation 3.3 

 

where Li is the length each counted cylinders and Ni is the number of the 

cylinders with the length Li.  

 

WAXS was performed on a Panalytical X’Pert Pro MPD equipped with a Cu Kα1 

hybrid monochromator as the incident beam optics. The typical procedure is 

placing 20 mg of dried particles on a 10 mm silica sample holder. Then, a 

standard “powder” 2θ-θ diffraction scan was carried out in the angular range 

from 5° to 40° 2θ at room temperature. The WAXS were processed by MDI 

Jade software to calculate crystallinity. 

 

UV-Vis spectroscopy was performed on an Evolution 350 UV-vis 

spectrophotometer equipped with a Xenon Flash Lamp light source and Dual 

Matched Silicon Photodiodes detector. Quartz cells (170-2000 nm) from Hellma 

with two polished sides were used for examining the spectral absorption data 

at 560 nm by using Thermo INSIGHT-2 v.10.0.30319.1 software. 

 

Oscillatory shear rheology measurements were performed on an Anton Paar 

MCR 302 equipped with a PP50 geometry. Temperature was controlled with a 
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P-PTD 200/AIR Peltier and a P-PTD 200 hood. Sample was loaded directly and 

then was pressed at 20 °C into a disc 0.5 mm thick before testing. Frequency 

sweeps were performed at 0.5% strain from 0.1 to 100 rad s-1 angular frequency 

(ω). Amplitude sweeps were performed at 10 rad s-1 ω from 0.01 to 100% strain. 

Results were recorded as an average of 3 consecutive runs at a constant 

temperature of 20 °C. 

 

Bacteriostatic activities were evaluated using a broth microdilution minimum 

inhibitory concentration (MIC) assay. Gram-positive Staphylococcus aureus (S. 

aureus) bacteria and Gram-negative Escherichia coli (E. coli) bacteria were 

cultivated overnight at 37 °C. Stock solutions of micelles were diluted two-fold 

with LB broth across seven wells of a 96-well plate to give a range of 

concentrations from 1000 to 16 μg mL-1 and a volume of 100 μL. Then, 100 μL 

of bacterial suspension (S. aureus, 5 × 107 CFU mL-1; E. coli, 3 × 107 CFU mL-

1) was placed in each well. In each row, one well contained bacteria but no 

compound, and one well contained LB broth but no bacteria to act as controls. 

The 96-well plates were cultured on a shaking bed at 150 rpm and 37 °C for 24 

h, followed by the measurement of the optical density (OD) at a wavelength of 

600 nm, where the MIC was taken at the concentration where no growth was 

observed with a visible spectrophotometer in the growing phase of the 

microorganisms. The wells with broth containing bacteria alone were used as 

the comparison growth rate, and the tests were repeated three times. Although 

the OD value is not linearly related to the bacterial quantity, it is well reported 

to provide evidence of the antibacterial activity.45 

3.5.3 Typical procedure for the ROP of PCL homopolymer 

In a nitrogen-filled glove box, solutions of DPP (49 mg, 0.20 mmol) in dry 

toluene (2 mL) and dual-head CTA (52 mg, 0.21 mmol) in dry toluene (12.4 mL) 

were added to ɛ-CL (1.44 g, 12.62 mmol). After stirring for 11 h at room 
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temperature, the solution was removed from the glove box, precipitated three 

times into ice-cold diethyl ether and collected by centrifugation. The resultant 

yellow polymer was dried under vacuum over phosphorus pentoxide for 2 days. 

The products were analysed by SEC chromatograms and it was ensured there 

were no shoulders or tails in both sides of high or low molecular weight before 

proceeding with RAFT polymerisations and self-assembly. 1H NMR 

spectroscopy (300 MHz, CDCl3) δ/ppm: 4.06 (t, 100 H, CH2OCO), 3.65 (t, 2 H, 

CH2OH), 2.30 (t, 100 H, OCOCH2), 1.73-1.33 (m, 330 H, OCO(CH2)5OH), Mn = 

6.5 kg mol-1, DP = 55. SEC chromatograms (THF, PMMA standard): Mn = 1.4 

kg mol-1, Mw = 1.5 kg mol-1, ÐM = 1.06. 

3.5.4 Typical procedure for the synthesis of PCL-b-PMMA 

diblock copolymers 

PCL55 (500 mg, 0.08 mmol), MMA (383 mg, 3.83 mmol), and AIBN (1.26 mg, 

7.66 × 10-3 mmol) were dissolved in 1,4-dioxane (1.28 mL) and placed in an 

ampoule. The solution was then freeze-pump-thawed three times and heated 

for 5 h at 70 °C. The reaction was quenched by immersion of the ampoule in 

the ice bath, and the polymer was precipitated in ice-cold methanol three times 

before being dried under vacuum and analysed. 1H NMR (400 MHz, CDCl3) 

δ/ppm: 4.06 (t, 100 H, CH2OCO), 3.59 (45 H, COOCH3), 2.30 (t, 100 H, 

OCOCH2), 1.91-1.81 (2 m, 8 H, CCH2, PMMA), 1.72-1.33 (m, 305 H, 

OCO(CH2)5OH), 1.02-0.83 (m, 36 H, CH3, PMMA), Mn = 8.4 kg mol-1, DP = 19. 

SEC chromatograms (THF, PMMA standard): Mn = 17.6 kg mol-1, Mw = 18.8 kg 

mol-1, ÐM = 1.07. 

3.5.5 Typical procedure for the synthesis of PCL-b-PMMA-b-

PTA triblock copolymers 

PCL50-b-PMMA20 (100 mg, 0.02 mmol), TA (568 mg, 3.06 mmol), and AIBN (0.3 
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mg, 1.53 × 10-3 mmol) were dissolved in 1,4-dioxane (636 μL) and placed in an 

ampoule. The solution was undertaken three times freeze-pump-thaw cycles 

and heated for 24 h at 70 ˚C. The reaction was then quenched by immersion of 

the ampoule in the ice bath, and the polymer was precipitated in ice-cold 

methanol three times before being dried under vacuum and analysed. 1H NMR 

(400 MHz, CDCl3) /ppm: 4.04 (t, 2 H, CH2OCO), 4.0 (s, 2 H, OCH2CH2NH, 

PTA), 3.75 (t, 2 H, CH2OH, PMMA), 3.58 (s, 3 H, COOCH3), 3.40 (q, 2 H, 

CH3CH2), 2.80 (s, 2H, CH2CH2NH, PTA), 2.28 (t, 2 H, OCOCH2), 2.10-1.70 (m, 

9 H, CCH3 (PCL), CH2CH2CH2OCO (PCL), CCH2 (PMMA), CCH2 (PTA)), 1.60 

(m, 4 H, OCO(CH2)5OH), 1.35 (m, 2 H, OCOC2H4CH2C2H4OH), 1.25 (m, 3 H, 

CH2CH3), 1.15 (s, 9 H, C(CH3)3, PTA), 1.02-0.83 (m, 3 H, CCH3, PMMA, PTA), 

Mn (NMR) = 34.7 kg mol-1, DP = 142. SEC chromatograms (THF, PMMA 

standard): Mn = 40.8 kg mol-1, Mw = 45.8 kg mol-1, ÐM = 1.12. 

3.5.6 Typical procedure for the synthesis of PCL-b-PTA 

diblock copolymers 

PCL55 (100 mg, 0.01 mmol), TA (445 mg, 2.40 mmol), and AIBN (0.2 mg, 1.20 

× 10-3 mmol) were dissolved in 1,4-dioxane (636 μL) and placed in an ampoule. 

The solution was undertaken three times freeze-pump-thaw cycles and heated 

for 24 h at 70 ̊ C. The reaction was then quenched by immersion of the ampoule 

in the ice bath, and the polymer was precipitated in ice-cold methanol three 

times before being dried under vacuum and analysed. 1H NMR (400 MHz, 

CDCl3) /ppm: 4.04 (t, 2 H, CH2OCO), 4.0 (s, 2 H, OCH2CH2NH, PTA), 3.40 (q, 

2 H, CH3CH2), 2.80 (s, 2H, CH2CH2NH, PTA), 2.28 (t, 2 H, OCOCH2), 2.10-1.70 

(m, 9 H, CCH3 (PCL), CH2CH2CH2OCO (PCL), CCH2 (PTA)), 1.60 (m, 4 H, 

OCO(CH2)5OH), 1.35 (m, 2 H, OCOC2H4CH2C2H4OH), 1.25 (m, 3 H, CH2CH3), 

1.15 (s, 9 H, C(CH3)3, PTA), 1.02-0.83 (m, 3 H, CCH3, PTA), Mn = 36.2 kg mol-

1, DP = 160. SEC chromatograms (THF, PMMA standard): Mn = 41.0 kg mol-1, 

Mw = 46.1 kg mol-1, ÐM = 1.13. 
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3.5.7 Typical crystallisation-driven self-assembly method for 

the self-nucleation of PTA-based copolymers 

As a typical procedure of self-assembly conditions, PCL-b-PMMA-b-PTA 

triblock copolymer (30 mg) or PCL-b-PTA diblock copolymer (30 mg) was 

added to 6 mL of ethanol (5.0 mg mL-1) in a screw-capped 7 mL vial. The 

samples were heated to 70 °C or 90 °C without stirring for 4 h before 

removing from the heating block and cooling to room temperature. 

Samples were imaged after 2 weeks of ageing at room temperature. 

3.5.8 Sonication of PTA-based cylindrical micelles 

Self-nucleated cylindrical micelles prepared by the CDSA of PCL55-b-PMMA19-

b-PTA142 triblock copolymers or TA modified PCL50-b-PMMA20-b-PDMA200 in 

ethanol (5 mg mL-1) were sonicated using a sonic probe at an ice bath (0 °C). 

Samples was taken at regular intervals and analysed by TEM. Seed micelles 

were obtained by 20 minutes of sonication. 

3.5.9 Typical crystallisation-driven self-assembly method for 

the epitaxial growth of PTA-based copolymers 

PCL50-b-PMMA20-b-PDMA200 triblock copolymers were dissolved in THF (100 

mg mL-1) and added to a dispersion of seed micelles (0.5 mg mL-1) followed by 

solvent evaporation to obtain stable structures in ethanol. After the ageing of 5 

days, the micelles were imaged by TEM. The unimer-to-seed ratio was altered 

by adding the unimer solution in multiple times to the dispersion of seed 

micelles. 



 

217 

 

3.5.10 End group modification of PCL50-b-PMMA20-b-PDMA200 

triblock copolymers 

TCEP.HCl (0.2 mg, 0.78 μmol) and TA (14.4 mg, 77.7 μmol) were added to a 

solution of PCL50-b-PMMA20-b-PDMA200 triblock copolymer (100 mg, 3.88 μmol) 

dissolved in DMF (1 mL). The solution was transferred to a dried ampoule under 

nitrogen. After three freeze-pump-thaw cycles, hexan-1-amine (3.9 mg, 38.8 

μmol) was added under a flow of nitrogen. After another freeze-pump-thaw 

cycle, the solution was sealed under nitrogen and allowed to stir at room 

temperature for 3 days. The reaction was quenched by opening to air and 

purified by precipitation three times into ice-cold diethyl ether. SEC 

chromatograms (THF, PMMA standard): Mn = 37.4 kg mol-1, Mw = 40.8 kg mol-

1, ÐM = 1.109. 

3.5.11 Quantification of secondary amine of TA modified PCL50-

b-PMMA20-b-PDMA200 triblock copolymers 

TA monomer (0 mmol, 1 mmol, 2.5 mmol, 5 mmol, 7.5 mmol, and 10 mmol) or 

TA modified PCL50-b-PMMA20-b-PDMA200 (1.5 mmol) triblock copolymer was 

dissolved in 1,4-dioxane (1 mL). Meanwhile, the ninhydrin was dissolved in 1,4-

dioxane (1 mL). Then, the monomer or polymer solution and ninhydrin solution 

(1 mL) was put in a screw-capped 7 mL vial, followed by vortexing and heating 

in a heating block at 100 °C for 15 minutes before cooling to the room 

temperature. The absorbance (560 nm) of the reaction mixture was measured 

with an Evolution 350 UV-vis spectrophotometer. 
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3.5.12 Typical gel formation of nanocomposite calcium 

alginates 

Alginate gels were prepared at 1.5 wt. % sodium alginate. Before use, sodium 

alginate (19.9 mg, 0.1 mmol) was heated in the water to 70 °C for 1 h to aid 

dissolution and cooled to room temperature. Micelles were dispersed in the 

water for two h before stirring with calcium carbonate (5.0 mg, 0.05 mmol), 

followed by addition to the sodium alginate solution and vortexing for one 

minute. After the addition of d-glucono-δ-lactone (GDL) (17.8 mg, 0.1 mmol), 

the gel was again vortexed for one minute before incubating at room 

temperature for two days. 

3.5.13 Typical procedure for the synthesis of PTA 

homopolymers 

Dual-head CTA (20 mg, 0.08 mmol), TA (2276 mg, 16.06 mmol), and AIBN (1.32 

mg, 8.03 × 10-3 mmol) were dissolved in 1,4-dioxane (4.25 mL) and placed in 

an ampoule. The solution was undertaken three times freeze-pump-thaw cycles 

and heated for 24 h at 70 ˚C. The reaction was then quenched by immersion of 

the ampoule in the ice bath, and the polymer was precipitated in ice-cold 

methanol three times before being dried under vacuum and analysed. 1H NMR 

(400 MHz, CDCl3) /ppm: 4.0 (s, 2 H, OCH2CH2NH), 3.40 (q, 2 H, CH3CH2), 

2.80 (s, 2H, CH2CH2NH), 2.28 (t, 2 H, OCOCH2), 2.10-1.70 (CCH2), 1.25 (m, 3 

H, CH2CH3), 1.15 (s, 9 H, C(CH3)3), 1.02-0.83 (m, 3 H, CCH3), Mn = 14.2 kg 

mol-1, DP = 141. SEC chromatograms (THF, PMMA standard): Mn = 25.8 kg 

mol-1, Mw = 30.0 kg mol-1, ÐM = 1.16. 
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Exploring the role of rhombic lamellar micelle size in 

enhancing the mechanical properties of 

nanocomposite hydrogels 
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4.1 Abstract 

Nanocomposite hydrogels obtained by blending uniform nanostructures into a 

biopolymer offer an opportunity to design biomaterials, in which the 

macroscopic properties of nanocomposites depend on the morphology and size 

of nanoparticles. Two-dimensional (2D) structures, such as graphene, 

nanoclays, and molybdenum disulphide nanosheets, play an essential role in 

improving the mechanical properties of nanocomposites because of their high 

surface area and controllable surface properties. Despite the fact that these 2D 

inorganic materials have been developed, the investigation of 2D structures 

aimed towards biomedical applications is limited. In order to offer biocompatible 

and biodegradable characteristics, as well as to access 2D structures with 

controlled dimensions, crystallisation-driven self-assembly (CDSA) of block 

copolymers has become a powerful method. Herein, we exploit the CDSA of 

polylactide (PLLA)-based amphiphiles to prepare well-defined 2D structures 

with controlled size for enhancing the mechanical strength of alginate-based 

hydrogels. Specifically, poly(L-lactide)-block-poly(N,N-dimethylaminoethyl 

methacrylate) (PLLA-b-PDMAEMA) diblock copolymers self-assembled into 2D 

rhombic micelles with controlled size by facilely adjusting the solubility of 

unimers during the spontaneous nucleation. Then, the diamond-shaped 

platelets, which displayed specific sizes, were combined with alginate-based 

hydrogel networks to present nanocomposites with improved mechanical 

performance. By rheological characterisation, it is found that the 

nanocomposite hydrogels containing 2D rhombic nanostructures improved 

resistance to breaking under strain, where the strain at the flow point of 

alginate-based hydrogels increased with the nanoparticle content. Indeed, it is 

enhanced by up to 80% by loading the smallest platelets. Overall, 2D 

nanoparticle with controlled size formed by CDSA can be exploited as additives 

to enhance the mechanical properties of hydrogels, which opens a new 

direction for mimicking fibrillar collagen to build ECM scaffold models.  
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Compared with one-dimensional (1D) materials, 2D structures have higher 

enhancement for the mechanical strength of hydrogels, which can be used as 

an important supplement for the research of 1D additives in nanocomposite 

enhancement. 
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4.2 Introduction 

Nanoparticles with precisely controlled morphology and size offer an excellent 

opportunity to tailor nanostructures to the desired application.1 In the above two 

chapters, we have demonstrated that neutral and cationic one-dimensional (1D) 

structures with controlled length provide efficient enhancement for their 

nanocomposite hydrogels. It is well-known that many 2D structures, such as 

graphene,2 nanoclays,3 and molybdenum disulphide nanosheets,4 can also 

improve the mechanical property of nanocomposites because they possess 

high surface area and controllable surface properties.5 For instance, in 

comparison with 1D carbon nanotubes, graphene as 2D nanoplatelets has 

superiority in terms of mechanical properties enhancement of nanocomposites, 

likely due to their 2D lamellar geometry and the high surface area, which lead 

to enhanced nanofiller-matrix adhesion.6-7 While these 2D inorganic 

nanomaterials have sparked unprecedented interest in the field of 

nanomaterials, their biomedical applications were limited, for example the 

aggregation of graphene nanomaterials can lead to severe toxicity.8 Moreover, 

the control of the dimension inorganic materials is much less explored.9 

Therefore, the preparation of 2D organic nanomaterials with controlled size and 

biocompatible and biodegradable characteristics is timely. 

 

Precise control over the formation of 2D nanostructures has always been a 

significant challenge,10 where crystallisation-driven self-assembly (CDSA) as 

an emerging and powerful tool has made an outstanding contribution to 

controlling the morphology and size of nanoparticles.1 A range of 2D platelet 

micelles11-14 has been achieved by Winnik, Manners, and co-workers using a 

poly(ferrocenyldimethylsilane) core-forming block. In these studies, size control 

of 2D nanostructures can be performed by epitaxial growth, where a certain 

amount of unimers are added to the seed solutions obtained by the degradation 

of polydisperse assemblies.11, 15-16 For biocompatible and biodegradable 
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polymers, many 2D nanoplatelets with uniform and tuneable morphology 

formed by poly(ε-caprolactone) (PCL) core-forming block have been prepared, 

but the size control of these platelets is still limited.17-22 Notably, Dove, O’Reilly, 

and co-workers fabricated PCL-based cylindrical (1D) and lamellar (2D) 

micelles, where the size of obtained micelles could be tuned by the epitaxial 

growth of living CDSA, which gave access to the preparation of uniform 

morphologies and prediction of the dimensions by unimer-to-seed ratio.10 

Furthermore, for poly(L-lactide) (PLLA) block copolymers, Cheng and co-

workers prepared 2D PLLA-based platelets using self-seeding, where the 

single-crystal growth of PLLA homopolymers was initiated by its block 

copolymer seeds.23 Very recently, Dove, O’Reilly, and co-workers realized 1D 

or 2D shape selectivity by altering solubility of PLLA-containing BCPs in 

alcoholic solvents, where the copolymers with a long soluble corona resulted in 

2D diamond-shaped platelets, while the copolymers with lower solubility yielded 

1D cylindrical micelles.5 Subsequently, they reported for the first time the size 

control of PLLA-containing rhombic lamellar micelles by facilely adding good 

solvents, in which the solubility of the copolymers was adjusted during the 

spontaneous nucleation. As a result, PLLA-based platelets of controllable size, 

and identical thickness and chemical composition were fabricated, which 

exhibited different stabilizing effects on emulsions.9 

 

Inspired by the significant influence 2D nanoparticle size has on the platelet 

size-emulsion stability,9 and the relationship between the length of 1D polymer 

fibres and the mechanical strength of nanocomposites, we hypothesized that 

the mechanical properties of nanocomposite hydrogels could be controlled by 

tuning 2D nanoparticle size. Previously, a rage of 2D nanoparticles have been 

used for enhancing the mechanical properties of nanocomposites.24-25 For 

example, because of the excellent mechanical strength of graphene,25-27 its 2D 

structure significantly increased the modulus and hardness of polymethyl 
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methacrylate (PMMA) and polyvinyl alcohol (PVA).28 When graphene was 

combined with carbon nanotubes or nanodiamonds, the mechanical strength, 

stiffness, and hardness of corresponding nanocomposites were enhanced 

better than their counterparts prepared with individual nanomaterials.29 

Additionally, 2D inorganic clays were used to improve the mechanical 

properties of polymeric nanocomposite hydrogels in swellability and 

elongation.30 Furthermore, 2D nanosilicates were incorporated into photo-

crosslinked MκCA hydrogels, whereby the nanofiller reinforced hydrogels 

exhibited shear-thinning characteristics and enhanced physiological stability 

and elastomeric characteristics.31 Until now, only the effect of morphology or 

surface chemistry of fillers has been widely studied on the mechanical 

properties of nanocomposites,6-7, 29, 32 and the relationship between the size of 

nanoparticles, especially the size of 2D structures, and the mechanical 

properties of hydrogels has not yet been explored. 

 

Herein, we present the influence of nanoparticle sizes on the mechanical 

property of nanocomposite hydrogels under shear strains by preparing 

polymeric diamond-shaped platelets using the spontaneous nucleation of the 

CDSA platform, which allows high levels of control over 2D structure size in a 

facile method (Scheme 4.1). In the mechanical study, 2D platelets significantly 

enhance the mechanical strength of hydrogels under shear strains, where the 

strain at the flow point of nanocomposites increased with the nanoparticle 

inclusion, which could be improved by up to 80% by blending rhombic platelets 

with the long axis length of 176 nm. This research explores the effect of 2D 

nanostructures on the shear properties of nanocomposite hydrogels, which is 

an essential supplement to the relationship between the length of 1D polymer 

fibres and the mechanical strength of the translational relevant alginate-based 

hydrogel matrix and is expected to have potential as nanocomponents in 

biomaterials to mimic extracellular matrix (ECM). 
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Scheme 4.1 Formation of PLLA-based rhombic platelets with various sizes 

achieved by changing the unimer solubility during the spontaneous nucleation, 

and the fabrication of platelet embedded nanocomposite hydrogels. 
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4.3 Results and discussion 

To investigate the effect of rhombic platelets size on the shear strain of 

nanocomposite hydrogels, platelets with controlled size were prepared. Initially, 

according to the previous literature, PLLA-based block copolymers were 

utilized to produce 2D rhombic nanostructures via the crystallisation-driven self-

assembly (CDSA) platform,5, 9 where platelet size was controlled by adding 

different amount of good solvent and then tuning unimer solubility during the 

spontaneous nucleation process.9 Inspired by this, the size of lamellar micelles 

was further reduced by increasing the unimer concentration or reducing the 

self-assembly temperature. Following the above strategy, poly(L-lactide)-block-

poly(N,N-dimethylaminoethyl methacrylate) (PLLA-b-PDMAEMA) diblock 

copolymers were synthesized, followed by the self-assembly for preparing 

rhombic platelets with different sizes. Then, the obtained nanoplatelets were 

combined with alginate-based hydrogels to explore the relationship between 

the size of rhombic platelets and the shear strength of nanocomposite 

hydrogels. 

4.3.1 Synthesis of PLLA-b-PDMAEMA diblock copolymers 

PLLA-based diblock copolymers were synthesized using a combination of ring-

opening polymerisation (ROP) of L-lactide and subsequent reversible addition-

fragmentation chain transfer (RAFT) polymerisation of N,N-dimethylaminoethyl 

methacrylate (DMAEMA). 

4.3.1.1 Synthesis of PLLA homopolymers 

The ROP of L-lactide was carried out in a nitrogen-filled glove box at room 

temperature (RT) by using a dual-headed initiator/chain transfer agent (CTA), 

1-[3,5-bis(trifluoromethyl)phenyl]-3-cyclohexylthiourea (thiourea), and (-)-

sparteine organocatalytic system in dry dichloromethane (DCM) (Scheme 4.2), 
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as in previously established synthetic methods.5, 9, 33-34 After reacting for 3 h, 

the conversion of L-lactide reached nearly 100% as determined by 1H NMR 

spectroscopy, followed by the precipitation in ice-cold hexane.  

 

 

Scheme 4.2 Synthesis of PLLA micro-CTAs by ROP with a dual-headed CTA 

initiator, thiourea and (-)-sparteine. 

 

The successful synthesis of PLLA was indicated by proton nuclear magnetic 

resonance (1H NMR) spectroscopy, where a quartet at δ = 5.13 ppm 

corresponding to the methine resonance of the repeat units and a triplet at δ = 

4.18 ppm corresponding to the methine resonance of the initiator were 

observed (Figure 4.1). Comparing the integration of these two peaks, the 

degree of polymerisation (DP) of 32 and the corresponding number-average 

molecular weight (Mn) of 4.9 kg mol-1 were calculated by end-group analysis 

(Table 4.1). 

 

 

Figure 4.1 1H NMR spectrum (300 MHz, CDCl3) of PLLA homopolymers. 
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Table 4.1 Characterisation data of PLLA homopolymers. 

Samples DPPLLA 
a 

Mn 
a 

(kg mol-1) 

Mn 
b 

(kg mol-1) 

Mw 
b 

(kg mol-1) 
ĐM b 

PLLA 32 4.9 9.5 10.6 1.12 

a Measured by 1H NMR spectroscopy in CDCl3. b Measured by SEC analysis 

(DMF, RI, and UV309 detection). 

 

Size exclusion chromatography (SEC) of N,N-dimethylformamide (DMF) eluent 

revealed a narrow dispersity (ĐM = 1.12, against PMMA standards, Table 4.1), 

which indicated a well-controlled polymerisation. The UV-vis detector at 309 nm 

in SEC chromatograms confirmed the retention of the trithiocarbonate end 

group on the PLLA homopolymer (Figure 4.2). Matrix-assisted laser 

desorption/ionization-time of flight (MALDI-ToF) mass spectrometry was 

consistent with the expected molar mass calculated by 1H NMR spectroscopy, 

which demonstrated the controlled nature of PCL polymerisations (Figure 4.3). 

The repeat unit of PLLA was 144.13 g mol-1, which revealed minimal signs of 

chain transesterification or water initiation. 
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Figure 4.2 (a) RI and (b) UV (λ = 309 nm) SEC chromatograms of the PLLA 

homopolymer using DMF with 5 mM NH4BF4 as an eluent with poly(methyl 

methacrylate) (PMMA) standards. 
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Figure 4.3 MALDI-ToF mass spectrum of PLLA homopolymers showed a m/z 

difference of 144.13 g mol-1 equivalent to a PLLA repeat unit and therefore 

minimal transesterification. 

4.3.1.2 Synthesis of PLLA-b-PDMAEMA diblock copolymers 

N,N-dimethylaminoethyl methacrylate (DMAEMA), which is a hydrophilic RAFT 

compatible monomer, has been used to synthesize the diblock copolymer, 

where the RAFT polymerisation of DMAEMA was undertaken in 

trichloromethane (TCM) at 70 °C using the PLLA-based macro-CTA as the 

RAFT agent and 2,2′-azobis(2-methylpropionitrile) (AIBN) as the radical initiator 

(Scheme 4.3). After 6 h, the reaction reached 56% monomer conversion as 

determined by 1H NMR spectroscopy, followed by quenching the reaction, 

where PLLA-b-PDMAEMA diblock copolymer was purified by precipitation in 

ice-cold diethyl ether. 
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Scheme 4.3 Synthesis of PLLA-b-PDMAEMA diblock copolymers by RAFT 

polymerisation with AIBN initiator. 

 

The 1H NMR spectroscopic analysis (Figure 4.4) revealed a successful 

synthesis of PLLA-b-PDMAEMA diblock copolymer, where a quartet at δ = 5.13 

ppm corresponding to the methylene resonances of PLLA and a single peak at 

δ = 4.05 ppm corresponding to the methylene resonances of PDMAEMA, which 

were used to calculate a DP of 203 and thus an Mn of 25.2 kg mol-1 (Table 4.2). 

The SEC analysis in DMF eluent showed a monomodal and narrow molecular 

weight distribution (ĐM = 1.19, against PMMA standards, Table 4.2, Figure 4.5), 

which indicated a well-controlled polymerisation. Compared with the SEC data 

of the PLLA homopolymer, the SEC trace of the PDMAEMA diblock copolymer 

showed a clear shift in molecular weight without observed evidence of any low 

molecular weight species, which indicated a well-controlled polymerisation. The 

UV-vis detector at 309 nm in SEC chromatograms confirmed the retention of 

the trithiocarbonate end group on the PLLA-b-PDMAEMA diblock copolymer. 

Furthermore, the absence of PLLA homopolymers was confirmed by diffusion-

ordered spectroscopy (DOSY) NMR analysis, where only one diffusion 

coefficient was observed in the measured spectrum of the PLLA-b-PDMAEMA 

diblock copolymer (Figure 4.6). 
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Figure 4.4 1H NMR spectrum (400 MHz, CDCl3) of PLLA-b-PDMAEMA diblock 

copolymers. 

 

Table 4.2 Characterisation data of PLLA-b-PDMAEMA diblock copolymers. 

Samples DPPLLA 
a DPPDMAEMA 

a 
Mn 

a 

(kg mol-1) 

Mn 
b 

(kg mol-1) 

Mw 
b 

(kg mol-1) 
ĐM b 

PLLA-b-

PDMAEMA 
32 203 25.2 17.3 20.5 1.19 

a Measured by 1H NMR spectroscopy in CDCL3. b Measured by SEC analysis 

(DMF, RI and UV309 detection). 
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Figure 4.5 Overlaid (a) RI and (b) UV (λ = 309 nm) SEC chromatograms of 

PLLA-b-PDMAEMA diblock copolymers using DMF with 5 mM NH4BF4 as an 

eluent with PMMA standards. 
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Figure 4.6 DOSY NMR spectrum (500 MHz, CDCl3) of PLLA-b-PDMAEMA 

diblock copolymers. 

4.3.2 Crystallisation-driven self-assembly of PLLA32-b-

PDMAEMA203 diblock copolymers 

4.3.2.1 Size control of rhombic platelets by changing solvent 

composition 

Initially, the spontaneous nucleation of PLLA32-b-PDMAEMA203 diblock 

copolymers was investigated, where the rhombic platelets with controlled size 

were prepared by changing solvent composition during the CDSA process. 

Based on previous successful self-assembly protocols with alcoholic solvents,9 

ethanol was chosen as a selective solvent for the corona block and 

tetrahydrofuran (THF) was selected as a good solvent for the diblock 

copolymers. PLLA-based diblock copolymers were added into a vial with a 

mixed solution of ethanol and THF to prepare 5 mg mL-1 samples. During the 

CDSA heating process of PLLA-based amphiphiles at 90 °C in a mixed solution 

for 4 h without stirring, the number of crystalline nuclei reduced with increasing 
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amounts of THF, giving a better unimer solubility and leaving more unimers to 

grow along the crystal front.9 As a result, after cooling down to RT and ageing 

for 1 day, an increased size of rhombic platelets was observed with the addition 

of increasing amounts of THF, regardless of measurement by length or area 

(Scheme 4.4). 

 

 

Scheme 4.4 Schematic of the preparation of PLLA32-b-PDMAEMA203 rhombic 

lamellar micelles with different sizes by altering the solubility of unimers during 

the spontaneous nucleation process. 

 

TEM analysis revealed that uniform rhombic platelets of controlled size and 

hence surface area were obtained from the spontaneous nucleation of all of the 

PLLA32-b-PDMAEMA203 diblock copolymers across the composition range 

(Figure 4.7), where the average length of platelet long axis increased from 893 

nm to 2663 nm, consequently the average area of rhombic platelets increased 

from 2.39 × 105 nm2 to 21.06 × 105 nm2 as measured using Image J (Table 4.3 

and Figure 4.8). Atomic force microscopy (AFM) confirmed no significant 

difference in the thickness of all platelet samples, which showed an average 

height of ca. 16.79 ± 1.98 nm for all of the platelets prepared (Figure 4.9, Table 

4.3). 
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Figure 4.7 TEM micrographs of nanoplatelets prepared in ethanol with (a) 0%, 

(b) 2%, (c) 4%, (d) 6%, (e) 8%, (f) 10%, and (g) 12% THF. 1 wt% uranyl acetate 

was used as a negative stain. Scale bar = 2 μm. 

 

Table 4.3 Long axis and surface area of rhombic platelet micelles. 

THF content 
Long axis a 

(nm) 

Short axis a 

(nm) 

Height b 

(nm) 

Surface area  

(105 nm2) 

0% 893 528 13.95 2.39 

2% 1100 651 17.62 3.60 

4% 1343 788 13.88 5.34 

6% 1700 979 17.73 8.38 

8% 2159 1235 18.32 13.40 

10% 2649 1522 18.15 20.19 

12% 2730 1577 17.89 21.06 

a Long axis and short axis of the rhombic platelets were obtained from TEM 

images using Image J analysis software; b Height of the nanoparticles was 

measured from AFM images. 
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Figure 4.8 Jitter box plot showing the increase (a) in the length on the longest 

axis and (b) in the surface area of PLLA32-b-PDMAEMA203 rhombic 

nanoplatelet (as determined by TEM) with increasing THF content. 
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Figure 4.9 AFM micrographs and height profile of nanoplatelets prepared in 

ethanol with (a) 0%, (b) 2%, (c) 4%, (d) 6%, (e) 8%, (f) 10%, and (g) 12% THF. 

Scale bar = 4 μm. 
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Wide-angle X-ray scattering (WAXS) was utilized to confirm the crystalline 

nature of PLLA-based rhombic platelets, where the WAXS spectrum of PLLA-

based cylinders (Figure 4.10) revealed a 2theta (2θ) peaks at ca. 16.6°, which 

are characteristics of crystalline PLLA.9 

 

 

Figure 4.10 WAXS spectra of rhombic platelets prepared by the spontaneous 

nucleation of PLLA32-based diblock copolymers in ethanol, which showed the 

characteristic PLLA crystalline peak at 16.6° 2θ at RT. The broad peak from 14° 

- 22° 2θ could be assigned to the amorphous PDMAEMA corona block. 

 

Notably, after the removal of ethanol/THF, dried platelets of all sizes could be 

re-dispersed in water, followed by freeze-drying to prepare nanoplatelet 

powders. When the freeze-dried particles were placed in water, these 

nanoplatelets of all sizes still exhibited stable structures with no observed 

difference to their structure by TEM characterisation (Figure 4.11). Therefore, 

these materials were considered for further nanocomposite hydrogel study. 
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Figure 4.11 TEM micrographs of nanoplatelets with different sizes in the water. 

1 wt% uranyl acetate was used as a negative stain. Scale bar = 2 μm. 

4.3.2.2 Preparation of small rhombic platelets by changing 

self-assembly temperature 

Inspired by the effect polymer solubility has on the 2D nanoparticle size, two 

alternative methods were used to prepare rhombic platelets with a smaller size 

than the one self-assembled in 100% ethanol at 90 °C. The first approach was 

using a high polymer concentration in the ethanol, where the polymer was 

suspended at 50 mg mL-1 to produce rhombic platelets with a small size 

because the higher concentration would potentially form more nuclei produced 

on cooling and decrease the free space in the solution for the platelet growth. 

As a result, the rhombic platelets with 735 nm long axis length have been 

obtained (Figure 4.12a, Table 4.4, and Figure 4.13). Additionally, reducing self-

assembly temperature can also decrease the size, where the PLLA-based 

diblock copolymer was suspended at 5 mg mL-1 in ethanol, followed by heating 

at 80 °C, 75 °C, or 70 °C, respectively. After 4 h heating without stirring, a series 

of small rhombic platelets, which included 372 nm, 176 nm, and 120 nm long 

axis length, were formed, where the number of crystalline nuclei increased with 
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decreasing self-assembly temperature, leaving more nuclei to allow the growth 

of unimers along with the crystal front (Figure 4.12b-d, Table 4.4, and Figure 

4.13). 

 

 

Figure 4.12 TEM micrographs of nanoplatelets prepared in ethanol at 50 mg 

mL-1 heating at (a) 90 °C, and at 5 mg mL-1 heating at (b) 80 °C, (c) 75 °C, and 

(d) 70 °C. 1 wt% uranyl acetate was used as a negative stain. Scale bar = 1 

μm. 

 

Table 4.4 Long axis and surface area of small rhombic platelet micelles. 

Sample 
Long axis a 

(nm) 

Short axis a 

(nm) 

Height b 

(nm) 

Surface 

area 

(105 nm2) 

50 mg mL-1 at 90 °C 735 411 12.35 1.53 

5 mg mL-1 at 80 °C 372 223 11.01 0.43 

5 mg mL-1 at 75 °C 176 107 11.50 0.10 

5 mg mL-1 at 70 °C 120 74 13.47 0.05 

a Long axis and short axis of the rhombic platelets were obtained from TEM 

images using Image J analysis software; b Height of the nanoparticles was 

measured from AFM images. 
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Figure 4.13 Jitter box plot showing the increase (a) in the length on the longest 

axis and (b) in the surface area of PLLA32-b-PDMAEMA203 small rhombic 

nanoplatelet (as determined by TEM). 

 

Atomic force microscopy (AFM) confirmed no significant difference in the 

thickness of all small platelet samples, which showed an average height of ca. 

12.08 ± 1.08 nm for all of the small platelets prepared (Figure 4.14, Table 4.4). 

For incorporation into nanocomposite hydrogels, the small rhombic platelets 

were dried by removal of ethanol, which could be re-dispersed in water. After 

freeze-drying and dispersing in the water again, all of the small nanoplatelets 

retained stable structures without obvious ruptures by TEM characterisation 

(Figure 4.15), which can be used as 2D polymeric nanofillers in hydrogels. 
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Figure 4.14 AFM micrographs and height profile of nanoplatelets prepared in 

ethanol at 50 mg mL-1 heating at (a) 90 °C and at 5 mg mL-1 heating at (b) 80 °C. 

Scale bar = 1 μm. Nanoplatelets formed in ethanol at 5 mg mL-1 heating at (c) 

75 °C, and (d) 70 °C. Scale bar = 400 nm. 
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Figure 4.15 TEM micrographs of small nanoplatelets with different sizes in the 

water. 1 wt% uranyl acetate was used as a negative stain. Scale bar = 1 μm. 

4.3.3 Mechanical properties of nanocomposite calcium-

alginate hydrogels with PLLA32-b-PDMAEMA203 rhombic 

platelets 

As an extension of and supplement to the previous two chapters, which used 

1D polymeric cylindrical micelles as additives, the relationship between the 

sizes of 2D polymeric rhombic platelets and the mechanical properties under 

shear strains of nanocomposite hydrogels was studied in this chapter. The 

calcium-alginate hydrogel was chosen as the matrix due to its low mechanical 

strength, biocompatibility, facile processing technology, and translational 

medicine prospects. Poly(L-lactide)-block-poly(N,N-dimethylaminoethyl 

methacrylate) (PLLA-b-PDMAEMA) diblock copolymer was chosen to prepare 

2D polymeric rhombic platelets because PDMAEMA as a weak cationic 

polyelectrolyte with a pKa of 7.5 is in the cationic states when the pH is below 

7.5 as a result of protonation.35 As such, its amine group could physically cross-

link with the anionic moieties of hydrogels, such as the carboxylic acid group in 
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the alginate-based hydrogel. As previously reported, PLLA-b-PDMAEMA 

rhombic platelets with a ζ-potential of ca. +30 mV were considered positively 

charged.9, 36-37 Therefore, in this study, it was expected that the cationic PLLA32-

b-PDMAEMA203 rhombic lamellar micelle would crosslink with negatively 

charged alginate polymer chains, where the strain at the flow point of 

nanocomposite hydrogels could be adjusted with the change of rhombic platelet 

size (Scheme 4.5). 

 

 

Scheme 4.5 Preparation of nanocomposite hydrogels using rhombic platelets 

composite materials with precise sizes. 

 

With the prepared PLLA32-b-PDMAEMA203 rhombic platelets, the effect of 

particle size and content on the mechanical strength of alginate-based 

hydrogels was investigated. Calcium-alginate hydrogel without additives was 

used as a control group, which was prepared at 1.5 wt% sodium alginate with 

calcium carbonate (CaCO3, 0.5 eq.) and glucono-δ-lactone (GDL, 1.0 eq.) as a 

crosslinking system. In the control group, the slow hydrolysis of GDL and the 

low solubility of CaCO3 offered time to disperse uniformly, which led to slow 

gelation and weak mechanical properties.38 The nanocomposite hydrogels 

were prepared by incorporating 2D polymeric rhombic platelets with precise 

sizes, where a constant concentration of calcium was used for crosslinking with 

the addition of different equivalents of monodispersePLLA32-b-PDMAEMA203 

rhombic platelets at RT. Then, the gels were incubated for 2 days at RT before 

the rheological characterisation. 
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Oscillatory rheology measurements, including frequency and amplitude sweeps, 

were carried out to measure the mechanical strength of hydrogels under shear 

strains because the gels would break under steady shear. A control was 

performed in each dataset to ensure trends were not affected by slight 

variations in sample preparation, e.g., the temperature of the lab while 

preparing or the error of analytical balance, which caused a small shift in the 

magnitude of the theoretical moduli between data sets. The gel-like behaviour 

of all hydrogel samples was confirmed by their storage and loss modulus (G' 

and G"), where the G' > G" was observed in the entire range of the frequency 

sweep (Figure 4.16). Moreover, the strain-dependent information of hydrogels 

was confirmed by an amplitude sweep, where the initial broad linear-

viscoelastic (LVE) region and subsequent hydrogel network failure with the 

increase of the strain were observed, respectively, in all attempts with multiple 

runs, which was in agreement with the expected shear-thinning behaviour and 

the self-healing nature of this non-covalently crosslinked hydrogel system. 

Specifically, in the LVE region, stable G' was observed when increasing the 

strain, which indicated that the gel’s structure had not been destroyed. Also, the 

increase of the nanoparticle contents exhibited no substantial change in G', 

which avoided the potential embrittlement risk of nanocomposite hydrogels as 

a consequence of the addition of nanofillers. With the shear strain increased 

gradually, the strain at the flow point (τf) was achieved, which was the 

intersection of the curves for G' and G". The value of shear strains was 

determined at the crossover point (G' = G"), indicating the gels were between 

gel-like and flowing behaviour (Figure 4.17). After adding nanofillers, the 

strength of nanocomposite hydrogels was significantly enhanced because the 

interaction between gel networks and 2D nanoparticles was strengthened, thus 

the hydrogels exhibited more resistance to the shear strain and were not likely 

to be broken. 
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Figure 4.16 Dynamic oscillatory frequency sweeps at 0.5% strain of calcium-

crosslinked alginate hydrogels at 0.50 eq. calcium with 0 wt% (control), 0.04 

wt%, 0.06 wt%, 0.08 wt%, 0.10 wt%, and 0.12 wt% PLLA32-b-PDMAEMA203 

rhombic platelets with different sizes, which included the long axis lengths of (a) 

176 nm, (b) 372 nm, (c) 735 nm, (d) 893 nm, (e) 1100 nm, (f) 1343 nm, and (g) 

1700 nm. 
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Figure 4.17 Strain-dependent oscillatory rheology measurements at 10 rad s-1 

angular frequency (ω) of calcium-crosslinked alginate hydrogels at 0.50 eq. 

calcium with 0 wt% (control), 0.04 wt%, 0.06 wt%, 0.08 wt%, 0.10 wt%, and 

0.12 wt% PLLA32-b-PDMAEMA203 rhombic platelets with different sizes, which 

included the long axis lengths of (a) 176 nm, (b) 372 nm, (c) 735 nm, (d) 893 

nm, (e) 1100 nm, (f) 1343 nm, and (g) 1700 nm. 
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In the amplitude sweep data, the strain-dependent response of the control 

alginate-based hydrogel without nanoparticle additive exhibited a low strain 

value (ca. 20%) at the flow point. In comparison to the control group, the flow 

strains of nanocomposite hydrogels were increased after the addition of 0.04, 

0.06, 0.08., 0.10, and 0.12 wt% 2D polymeric rhombic platelets with controlled 

size (Figure 4.18), which indicated an effective enhancement of these 2D 

particles on the corresponding nanocomposite hydrogels. The statistical 

analyses (Table 4.5) of the strain at the flow point of 2D nanoplatelets with 

different sizes exhibited different degrees of improvement on the shear strain 

of hydrogels, where the maximum enhancement strain up to 80% achieved by 

blending 0.12 wt% 176 nm PLLA32-b-PDMAEMA302 rhombic platelets, which 

indicated that the 2D small platelet-containing hydrogel was able to withstand 

higher shear strain before failure than its counterparts with large platelet size at 

comparable micelle loading. This phenomenon was related to the total surface 

area of 2D structures, where the total surface area of small platelets was higher 

than large platelets' when adding the same nanoparticle contents (Figure 4.19a, 

Table 4.6). Thus, the small platelets could reinforce the mechanical property 

better compared to large platelets under the same nanoparticle contents 

(Figure 4.19b). At the same time, small platelets were more effective than large 

platelets in enhancing the mechanical strength of hydrogels at the same total 

surface area, likely because of a better dispersion of small platelets in the 

hydrogel network. From the 2D AFM imaging, the large platelets were more 

likely to aggregate, overlaying on top of each other (Figure 4.20), which hence 

limited their interaction with the hydrogel matrix, so we postulate that this kind 

of size-dependent behaviour resulted from the uniform distribution of the small 

platelets in the alginate-based hydrogel network, which maximized the packing 

density and strengthened the nanocomposite. Simultaneously, in comparison 

with the small platelet, the large platelet may also lead to steric hindrance that 

impedes the formation of hydrogel networks. As expected, a maximum limit was 
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reached at 0.12 wt%, where the competition between the micelle-alginate and 

calcium-alginate ionic interactions became more and more prominent, thus the 

gel formation was disrupted and exhibited decreased homogeneity. Besides, 

this data was also higher than 500 nm PDMA-based neutral cylinder samples 

(ca. 37%, at 0.10 wt %) and 500 nm PTA-based cationic cylinder bundle 

samples (ca. 51%, , at 0.12 wt %) in the previous two chapters. This result 

confirmed the importance of nanoparticle additive shape on the mechanical 

resistance to shear, which can be ascribed to the high interaction of the 2D 

morphology with hydrogel matrix, thus the strain at the flow point increases with 

the addition of platelets. We assume that 2D structures provide a greater 

surface area, which makes nanofillers easier to interact with the hydrogel's 

polymeric chains, thus enhancing the mechanical strength of nanocomposite 

hydrogels under shear strains in comparison with cylindrical micelle embedded 

hydrogels. 

 

Figure 4.18 Histograms against nanoparticle content of comparison of strain at 

the flow point for nanocomposite hydrogels incorporating rhombic platelets at 

different wt% (5 points in total for each sample, including 0.04 wt%, 0.06 wt%, 

0.08 wt%, 0.10 wt%, and 0.12 wt%). Error bars represent the standard deviation 

of the data. 
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Table 4.5 Strain at the flow point of nanocomposite alginate hydrogels enriched 

with different concentrations of PLLA32-b-PDMAEMA203 rhombic platelets with 

different sizes. Data are presented as average ± standard deviation. 

Nanoparticle 

content (wt%) 

176 

nm 

372 

nm 

735 

nm 

893 

nm 

1100 

nm 

1343 

nm 

1700 

nm 

0 20.4 ± 2.8 

0.04 
56.3 ± 

5.2 

53.2 ± 

5.5 

41.6 ± 

8.0 

33.5 ± 

4.8 

31.2 ± 

0.4 

42.2 ± 

0.5 

35.5 ± 

5.0 

0.06 
62.3 ± 

6.4 

60.6 ± 

5.3 

45.0 ± 

4.6 

42.1 ± 

1.7 

46.9 ± 

2.1 

44.6 ± 

3.1 

40.3 ± 

2.6 

0.08 
66.3 ± 

6.8 

64.8 ± 

7.1 

51.3 ± 

5.0 

52.8 ± 

4.5 

56.9 ± 

5.8 

46.7 ± 

3.1 

41.2 ± 

2.1 

0.10 
76.8 ± 

7.9 

75.7 ± 

4.7 

63.8 ± 

7.7 

60.2 ± 

9.4 

60.1 ± 

9.4 

52.0± 

1.2 

42.4 ± 

1.7 

0.12 
79.6 ± 

5.0 

78.0 ± 

5.9 

72.8 ± 

5.6 

70.0 ± 

4.7 

68.6 ± 

6.1 

54.6 ± 

0.7 

51.6 ± 

4.7 

Three gels per sample were measured, each gel was tested at least three times. 
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Figure 4.19 (a) Histograms of the total surface area distribution of PLLA32-b-

PDMAEMA203 rhombic platelets with different sizes, including the long axis 

lengths of (a) 176 nm, (b) 372 nm, (c) 735 nm, (d) 893 nm, (e) 1100 nm, (f) 1343 

nm, and (g) 1700 nm. (b) Linear plot against the total surface area of 

comparison of strain at the flow point for nanocomposite hydrogels 

incorporating rhombic platelets at different wt% (5 points in total for each 

sample, including 0.04 wt%, 0.06 wt%, 0.08 wt%, 0.10 wt%, and 0.12 wt%). 

Error bars represent the standard deviation of the data. 
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Table 4.6 Total surface area of PLLA32-b-PDMAEMA203 rhombic platelets with 

different sizes. Data are presented as average ± standard deviation. 

Nanoparticle 

content (wt%) 

176 nm 

(cm2) 

372 nm 

(cm2) 

735 nm 

(cm2) 

893 nm 

(cm2) 

1100 nm 

(cm2) 

1343 nm 

(cm2) 

1700 nm 

(cm2) 

0.04 1624 1512 1292 1136 900 1119 877 

0.06 2437 2268 1938 1703 1351 1679 1315 

0.08 3249 3023 2583 2271 1801 2238 1753 

0.10 4061 3779 3229 2839 2251 2798 2192 

0.12 4873 4535 3875 3407 2701 3358 2630 

 

 

Figure 4.20 AFM images of small (a) and large (b) PLLA32-b-PDMAEMA203 

platelets obtained introducing different amounts of THF in ethanol (0% for a and 

6% for b). 

 

From the above, the size of 2D nanofillers plays an important role in the control 

of the resultant properties of nanocomposite hydrogels. CDSA as a facile and 

versatile platform in controlling the morphology and size presents many 

advantages to tune nanocomposite's mechanical properties. Overall, the 

rheology data confirm the impact of the physical features displayed by added 

2D polymeric platelets, such as long axis length and surface area, on the 

mechanical performance of hydrogel matrices. We postulate that small platelets 

provide an efficient contribution to the mechanical resistance of hydrogels 

under shear strains as a consequence of their better dispersion within the 

hydrogel network. Whereas, with the increasing of the platelet's size, large 
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platelets are more likely to agregate in stacks, limiting the interaction between 

nanofillers and hydrogel networks and leading to steric hindrance, thus limiting 

such enhancement. As an important supplement of 1D polymeric fibre-

reinforced alginate-based hydrogels, the ability of 2D nanoparticles to increase 

the strength of alginate gels suggests the attractive possibility of improving 

calcium-alginate hydrogel performance and also of mimicking extracellular 

matrix with a wide range of adjustable strains at the flow point. Meanwhile, the 

biocompatible nature of the translationally relevant alginate nanocomposite 

provides a promising potential for further tissue engineering and biomedicine 

applications, such as rapidly recovering and providing stronger mechanical 

properties of implant materials after injection to resist shear-induced insults. 
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4.4 Conclusions 

In conclusion, the preparation of a range of 2D polymeric rhombic platelets with 

controlled size using a crystallisable polymer core has been investigated. 

Several methods were used to prepare platelets of different sizes based on 

controlling the number of crystalline nuclei in the self-assembly system. This 

study highlights the potential of CDSA as a facile tool for preparing 2D 

nanoparticles with controlled sizes and thus provide fillers to tune the 

mechanical properties of resultant nanocomposite hydrogel in order to realize 

mimicking fibrillar collagens as an important supplement of 1D micellar 

simulated collagen. According to the results, nanofillers' size plays a key role in 

tuning the mechanical property of nanocomposite hydrogels under shear 

strains, where all attempts are capable of enhancing the strain at the flow point 

of alginate-based hydrogels. Notably, small platelets exhibited better 

improvement on the mechanical strength of resultant hydrogels than their 

counterparts with large platelets, which is attributed to a higher total surface 

area and a better dispersion of small platelets. In contrast, large platelets were 

unable to properly interact with hydrogel to enhance hydrogels' mechanical 

performance as much because of the steric hindrance caused by the large 

platelet's stacking on top of each other. Overall, the addition of 2D polymeric 

rhombic lamellar micelles into naturally-derived hydrogels offers them with a 2D 

structure that enhances the mechanical performance under shear strains. Such 

improvement renders hydrogels with better features to supplement 1D 

cylindrical micelles' ability in mimicking fibrillar collagens for enhancing natural 

ECM. 
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4.5 Experimental 

4.5.1 Materials 

Chemicals and solvents were purchased from Sigma-Aldrich, Acros, Fluka, TCI, 

Fisher Chemical, Alfa Aesar or VWR. L-lactide was recrystallised once from 

dichloromethane and twice from toluene before being stored in a glove box. 

DPP was recrystallised once from dried CHCl3/Hexane (3:1) and dried over 

P2O5 before use. (-)-Sparteine was dried over calcium hydride and distilled 

before use. Thiourea was prepared as previously reported.39 CHPET was dried 

over P2O5 for 1 week before use. 1,4-Dioxane, chloroform, and DMAEMA were 

purified by basic alumina before use. 2,2′-Azobis(2-methylpropionitrile) (AIBN) 

was received from Molekula, recrystallised twice from methanol, and stored in 

the dark at 4 °C. Deuterated solvents were received from Apollo Scientific. Low-

molecular weight, low-viscosity sodium alginate was purchased from Sigma 

Aldrich as a light brown powder (Product code: W201502). 

4.5.2 Instrumentation 

1H NMR spectra were recorded at 300 MHz or 400 MHz on a Bruker AV-300 or 

a Bruker AV-400 spectrometer, respectively. All spectra were recorded in 

CDCL3 unless otherwise stated. The chemical shifts are reported as δ in parts 

per million (ppm) and quoted downfield from the internal standard 

tetramethylsilane (δ = 0 ppm). 

 

Diffusion-ordered spectroscopy (DOSY) NMR was performed on a Bruker AV-

500 AVANCE spectrometer equipped with a 5 mm broadband observe (BBO) 

z-axis gradient probe, which generated nominal maximum field strengths of 

53.5 G cm-1. The measurement was carried out using stimulated echo and LED 

pulse sequences incorporating bipolar-gradient pulses for diffusion with a 
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diffusion time of 100 ms and a LED delay of 5 ms. For each experiment, pulsed-

field gradients with a duration of 2.5 ms and a recovery delay of 200 μs were 

applied respectively with increases from 5% to 95% of the maximum strength 

in 32 equally spaced steps. Experiments were performed on samples at a 

polymer concentration of 10 mg mL-1 in deuterated chloroform with active 

temperature regulation at 298 K. The DOSY spectrum was processed by the 

Bruker Topspin S3 software package (version 2.1). 

 

Size exclusion chromatography (SEC) in DMF was performed on an Agilent 

1260 Infinity II LC system equipped with a Wyatt DAWN HELEOS II multi-angle 

laser light scattering (MALLS) detector, a Wyatt Optilab T-rEX differential 

refractive index detector, an Agilent 1260 Infinity II WR diode array detector, an 

Agilent guard column (PLGel 5 μM, 50 × 7.5 mm) and two Agilent Mixed-C 

columns (PLGel 5 μM, 300 × 7.5 mm). The mobile phase was DMF (HPLC 

grade) containing 5 mM NH4BF4 at 50 °C at flow rate of 1.0 mL min-1. Number 

average molecular weights (Mn), weight average molecular weights (Mw) and 

dispersities (ĐM = Mw/Mn) were determined using Wyatt ASTRA v7.1.3 software 

against poly(methyl methacrylate) (PMMA) standards. For molecular weight 

determination via MALLS, dn/dc values were either measured by differential 

refractometry or calculated from the SEC chromatograms assuming 100% 

mass elution from the columns. 

 

Mass spectra were obtained using a Bruker Ultraflex II MALDI ToF mass 

spectrometer. The MALDI ToF samples were prepared using trans-2-[3-(4-t-

butyl-phenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) as matrix and 

sodium trifluoroacetate (NaTFA) was used as cationization agent. The typical 

procedure is as follows: DCTB (2 μL, 10 mg mL-1 in tetrahydrofuran (THF)), 

sample (2 μL, 1 mg mL-1 in THF) and NaTFA (2 μL, 0.1 mg mL-1 in THF) were 

added to the MALDI ToF plate followed by solvent evaporation. The samples 
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were measured in reflection ion mode and calibrated by SpheriCal (1200 - 8000 

g mol-1) standards. 

TEM was performed using JEOL 2000FX or JEOL 2100FX at 200 kV. TEM 

solution was typically made up at 0.1 mg mL-1 in a solvent. Then, 10 μL of 

sample solution was dropped onto a carbon/formvar-coated copper grid placed 

on filter paper. After 10 minutes drying, 10 μL of a 1 wt% uranyl acetate solution 

was dropped onto the grid and left to dry overnight. TEM images were analysed 

by Image J. The long axis’ length and the short axis’ length were obtained by 

counting at least 100 particles for each sample. 

 

WAXS was performed on a Panalytical X’Pert Pro MPD equipped with a Cu Kα1 

hybrid monochromator as the incident beam optics. The typical procedure is 

placing 20 mg of dried particles on a 10 mm silica sample holder. Then, a 

standard “powder” 2θ-θ diffraction scan was carried out in the angular range 

from 5° to 40° 2θ at room temperature. The WAXS were processed by MDI 

Jade software to calculate crystallinity. 

 

Oscillatory shear rheology measurements were performed on an Anton Paar 

MCR 302 equipped with a PP50 geometry. Temperature was controlled with a 

P-PTD 200/AIR Peltier and a P-PTD 200 hood. Sample was loaded directly and 

then was pressed at 20 °C into a disc 0.5 mm thick before testing. Frequency 

sweeps were performed at 0.5% strain from 0.1 to 100 rad s-1 angular frequency 

(ω). Amplitude sweeps were performed at 10 rad s-1 ω from 0.01 to 100% strain. 

Results were recorded as an average of 3 consecutive runs at a constant 

temperature of 20 °C. 

 

Total surface area (SAtotal) of nanoparticles was calculated as the following 

equations: 
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𝑆𝐴𝑡𝑜𝑡𝑎𝑙 = 𝑆𝐴𝑝𝑎𝑟𝑡 × 𝑁𝑖   Equation 4.1 

 

where: SApart is the surface area of one platelet and Ni is the total number of 

nanoparticles. 

 

Surface area of one platelet (SApart) is calculated as: 

 

𝑆𝐴𝑝𝑎𝑟𝑡 = 2 × 𝑆𝐴𝑓𝑎𝑐𝑒 + 4 × 𝑆𝐴𝑠𝑖𝑑𝑒   Equation 4.2 

 

where: SAface is the surface area of one platelet’s face and SAside is the surface 

area of one platelet’s side that are calculated as: 

 

𝑆𝐴𝑓𝑎𝑐𝑒 = (𝑙1 × 𝑙2) ÷ 2   Equation 4.3 

 

𝑆𝐴𝑠𝑖𝑑𝑒 = ℎ × √(
𝑙1

2
)

2

+ (
𝑙2

2
)

2

   Equation 4.4 

 

where: l1 and l2 are long axis and short axis lengths of the platelets, respectively. 

 

Number of particles (Ni), in a sample is calculated as: 

 

𝑁𝑖 =
𝑚𝑡

𝑚𝑝
  Equation 4.5 

 

where: mt is the total mass of polymer added to the alginate-based hydrogels 

(in this study = 0.6 mg, 0.9 mg, 1.2 mg, 1.5 mg, and 1.8 mg) and mp is the mass 

of one platelet that can be calculated from: 

 

𝑚𝑝 = ρ × 𝑉 Equation 4.6 

 

in which ρ is the density of PLLA-based diblock copolymer (in this study = 
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0.804 ± 0.06 g cm−3),37 V is the volume of the platelets that can be calculated 

by: 

𝑉 =
𝑙1𝑙2

2
× ℎ Equation 4.7 

4.5.3 Typical procedure for the ROP of PLLA homopolymer 

In a nitrogen-filled glove box, a solution of (-)-sparteine (203 mg, 0.87 mmol)，  

thiourea (642 mg, 1.73 mmol), and dual-headed CTAs (254 mg, 1.02 mmol) in 

dry DCM (25 mL) was added to a solution of L-lactide (5000 mg, 34.69 mmol) 

in dry DCM (25 mL). After stirring for 3 h at room temperature, the solution was 

removed from the glove box, precipitated three times into ice-cold n-hexane 

and collected by centrifugation. The resultant yellow polymer was dried under 

vacuum over phosphorus pentoxide for 2 days. The products were analysed by 

SEC chromatograms and it was ensured there were no shoulders or tails in 

both sides of high or low molecular weight before proceeding with RAFT 

polymerisations and self-assembly. 1H NMR (300 MHz, CDCl3): δ (ppm) 5.16 

(q, 4H, OCH(CH3)CO), 4.30 (q, H, HOCH(CH3)CO), 4.20 (t, 2 H, C2H4CH2O), 

3.30 (q, 2 H, CH2CH3), 2.00-1.90 (m, 2 H, CH2CH2CH2O), 1.89 (s, 3 H, 

(CH3)CCN), 1.55 (d, 6 H, OCH(CH3)CO), 0.98-2.32 (m, 5 H, CH3CH2, 

C2H4CH2C), Mn = 4.9 kg mol-1, DP = 32. SEC chromatograms (DMF, PMMA 

standard): Mn = 9.5 kg mol-1, Mw = 10.6 kg mol-1, ÐM = 1.12. 

4.5.4 Typical procedure for the synthesis of PLLA-b-

PDMAEMA diblock copolymers 

PLLA32 (2000 mg, 0.4 mmol), DMAEMA, (23284 mg, 148 mmol) and AIBN (6.8 

mg, 0.04 mmol) were dissolved in CHCl3 (25 mL) before transferring to a dried 

ampoule under nitrogen. After undertaking three freeze-pump-thaw cycles, the 

solution was sealed under nitrogen and heated for 6.5 h at 70 °C. The reaction 

was then quenched in liquid nitrogen and purified by precipitation three times 
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into ice-cold diethyl ether. The resultant pale yellow polymer was dried in vacuo 

before use (59% conversion). 1H NMR (400 MHz, CDCl3): δ (ppm) 5.16 (q, 2 H, 

OCH(CH3)CO), 4.05 (s, 2 H, OCH2CH2N), 2.56 (s, 2 H, OCH2CH2N), 2.28 (s, 6 

H, N(CH3)2), 2.05-1.75 (m, 4 H, CH3CCH2, CH3CH2S), 1.60 (d, 3 H, CH3CHO), 

0.75-1.05 (m, 13 H, CCH2CH2CH2O, CCH3C2H4 CH3C(CN)C3H6, CH3CH2S, 

CCH3, CH3CCH2), Mn = 25.2 kg mol-1, DP = 203. SEC chromatograms (DMF, 

PMMA standard): Mn = 17.3 kg mol-1, Mw = 20.5 kg mol-1, ÐM = 1.19. 

4.5.5 Typical crystallisation-driven self-assembly method for 

the self-nucleation of PLLA block copolymers 

As an example of self-assembly conditions, PLLA32-b-PDMAEMA203 (10 mg) 

was added to a mixture of EtOH (1.76 mL) and THF (0.24 mL) 

(EtOH:THF=88%:12%) (total 5.0 mg mL-1) in a 7 mL vial. The samples were 

heated in an oil bath at 90 °C, without stirring for 4 h before removing from the 

oil bath and cooling to room temperature. Samples were imaged after 1 day of 

ageing at room temperature. 

4.5.6 Typical gel formation of nanocomposite calcium 

alginates 

Alginate gels were prepared at 1.5 wt. % sodium alginate. Before use, sodium 

alginate (19.9 mg, 0.1 mmol) was heated in the water to 70 °C for 1 h to aid 

dissolution and cooled to room temperature. Micelles were dispersed in the 

water for two h before stirring with calcium carbonate (5.0 mg, 0.05 mmol), 

followed by addition to the sodium alginate solution and vortexing for one 

minute. After the addition of d-glucono-δ-lactone (GDL) (17.8 mg, 0.1 mmol), 

the gel was again vortexed for one minute before incubating at room 

temperature for two days. 
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5.1 Conclusion 

In this thesis, well-defined one-dimensional (1D) and two-dimensional (2D) 

structures of controlled length and size have been exploited, which can be used 

to mimic the fibrillar collagen in the native ECM. In particular, nanoparticles with 

controllable morphology and size can be easily obtained by crystallisation-

driven self-assembly (CDSA), which provides great convenience for studies 

related to the morphology and size of nanostructures. The application of those 

nanomaterials has been investigated, including the enhancement of the 

mechanical strength of alginate-derived hydrogels under shear strains and the 

regulation of the antibacterial properties of assemblies. 

 

In Chapter Two, poly(ɛ-caprolactone)-based triblock copolymers were 

successfully synthesized using a combination of ring-opening polymerisation 

(ROP) and reversible addition-fragmentation chain transfer (RAFT) 

polymerisation. These triblock amphiphiles were used to prepare 1D cylindrical 

structures with controlled dimensions through CDSA. Interestingly, the length 

of cylindrical micelles could be easily obtained through epitaxial growth, while 

the width of cylinders could not be controlled by changing polymer chain lengths. 

Then, the obtained cylinders with different lengths were utilized as fillers to 

enhance the mechanical property of calcium-alginate hydrogels under shear 

strains. It was validated that CDSA as a versatile platform could provide a facile 

process to tailor 1D nanostructure lengths, allowing the mimicking of the 

morphology of fibrillar collagens in the extracellular matrix to improve the 

mechanical performance of nanocomposites under shear strains. This could 

help to explain the relationship between fibrillar collagen size and the 

mechanical properties of the native ECM during healthy ageing. 
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In Chapter Three, a poly(ɛ-caprolactone)-based cationic triblock copolymer was 

developed to prepare 1D polycationic cylindrical micelles with controllable 

lengths by CDSA based on the knowledge gained in Chapter Two. Applications 

related to the micelle length of 1D polycationic cylinders were explored, 

including improving the mechanical properties of alginate-based hydrogels and 

regulating the antibacterial activities of obtained cylindrical micelles. 

Incorporating the 1D polycationic cylindrical nanostructures into calcium-

alginate hydrogels provided a significant enhancement to the shear strength, 

suggesting that cationic polymer fibres can better improve the mechanical 

properties of the anionic alginate through physical crosslinking in comparison 

with the neutral cylinders prepared in Chapter Two. In the minimum inhibitory 

concentration (MIC) assay, the antibacterial properties of polycationic cylinders 

with different lengths also showed different degrees of antimicrobial activities, 

which were related to the shape and size of the bacteria. Furthermore, an end 

group modification of a neutral poly(ɛ-caprolactone)-based triblock copolymer 

was discussed using the cationic monomer 2-(tert-butylaminoethyl) 

methacrylate (TA). The successfully modified polymer was able to prepare 1D 

cylindrical micelles with controllable lengths via epitaxial growth. However, they 

could not inhibit bacteria growth, likely because a single TA unit at the terminal 

end of the corona chain is not sufficient. Overall, this novel 1D cationic micelle 

was investigated to adjust antibacterial properties and the mechanical 

properties of resultant nanocomposites by changing its length, showing great 

potential in fabricating biomaterials with antibacterial functions and tuneable 

mechanical strengths, such as wound dressing, antibiofilm, and implant coating. 

 

In Chapter Four, 2D rhombic platelets were obtained by the CDSA of the poly(L-

lactide)-based diblock copolymers. The size of these 2D rhombic lamellar 

micelles could be facilely controlled by adjusting the unimer solubility in the 

spontaneous nucleation, where a series of variates were employed, including 
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the ratio of a good solvent and a selective solvent, self-assembly temperatures, 

and self-assembly concentrations. Notably, the mechanical property of calcium-

alginate hydrogels under shear strains could be better enhanced by combining 

with 2D structures compared with 1D fillers, suggesting an enhanced nanofiller-

matrix adhesion caused by the 2D lamellar geometry and the high surface area. 

It was revealed that platelet nanostructures with controllable sizes could be 

used as a complement of 1D cylinders of controlled lengths, in mimicking 

fibrillar collagens and improving the mechanical performance of corresponding 

nanocomposite hydrogels under shear strains. 
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5.2 Outlook 

As the most prominent theme of this work, crystallisation-driven self-assembly 

of amphiphilic block copolymers has been investigated to prepare uniform 1D 

cylindrical and 2D lamellar nanostructures. In particular, given the high interest 

in the precise control of morphology and dimension, the ability to readily access 

and tailor the additives’ structures and sizes through a facile assembly process 

provides an effective platform to mimic fibrillar collagens and develop a range 

of nanocomposite materials with tuneable mechanical resistance against shear 

strains. Furthermore, through tailoring the surface chemistry, micelles with 

different charges could be obtained, giving new functions to nanocomposites, 

such as an antibacterial ability. In the future, there are several areas that can 

be improved. 

 

Further research, especially for poly(ɛ-caprolactone)-based 1D cylindrical 

micelles, could investigate a photo-induced living/controlled radical grafting 

polymerisation on the cylindrical micelle surface to obtain polymer fibres of 

increased diameter under mild conditions, where the trithiocarbonate end group 

at the terminus of the polymer corona chains have the ability to polymerise 

further after the formation of the crystalline nanostructures. Meanwhile, through 

the versatile epitaxial growth process, block comicelles will be developed to 

allow the introduction of more new features. For example, fluorescent cylindrical 

block comicelles with different colours could be used to study their morphology 

and shear-induced aligning directionality as nanofillers in hydrogels, and more 

potential biomedical applications as delivery vehicles or medical imaging. 

Moreover, understanding how do polymer fibres fit into the pores of hydrogels 

is still an attractive topic, where the pore size of hydrogels will be potentially 

confirmed by mercury intrusion porosimetry, Brunauer-Emmett-Teller (BET) 

nitrogen adsorption analysis, and cryogenic-scanning electron microscopy 

(cryo-SEM). 
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It is also expected that future work in the poly(L-lactide) block copolymers area 

will target an epitaxial growth mechanism, including the solvent composition 

and temperature, to allow for precise control over the dimensions of 2D rhombic 

platelets. This approach provides a simple process to control 2D micelle size 

by targeting unimer-to-seed ratios, which avoids the increase in temperature 

required in the spontaneous nucleation. In addition, in this research field, the 

fabrication of nanoparticles will also be concentrated on three-dimensional (3D) 

morphologies, allowing for orthogonal growth to realize materials with complex 

functions. For instance, the increase in the thickness of 2D platelets by 

exploiting a photo-induced living/controlled radical grafting polymerisation on 

the trithiocarbonate end group at the terminus of the polymer corona chains. 

Also, through the trithiocarbonate end group modification, nanoobjects can be 

functionalized, or changes are made to the surface chemistry and charges for 

more applications. 

 

Finally, the underlying theme of this work is to replace the extracellular matrix 

(ECM) with nanocomposite hydrogels as synthetic ECM materials. Although 

poly(ɛ-caprolactone), poly(L-lactide), and calcium-alginate hydrogels have 

been chosen due to their superior biocompatibilities, the biocompatibilities of 

poly(ɛ-caprolactone)-based triblock copolymers and poly(L-lactide)-based 

diblock copolymer have not yet been evaluated. As such, further studies of 

these block copolymers and corresponding assemblies could focus on in vitro 

or in vivo tests before the use in biorelevant applications. Changes to the cell 

behaviour inside the hydrogel network by adjusting the length and the aligning 

directionality of the polymer fibres will be of great interest. For instance, how 

stem cells respond to such mechanical cues. For the polycationic nanoparticles, 

it will also be interesting to understand their bactericidal ability by minimum 

bactericidal concentration (MBC). Plus, the antibacterial ability of 

corresponding nanocomposite hydrogels will also be a research point. 
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