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Abstract 
 
Polymer nanomaterials have garnered increased attention over the past several decades due to their 

ability to perform in a variety of applications, depending on the chemical functionality of the 

material used. Of note, polymers have been used increasingly for biomedical applications, from 

drug and gene delivery vehicles, to contrast agents and therapeutics themselves. Living 

crystallization-driven self-assembly (CDSA) provides a novel pathway for the preparation of 

morphologically pure, length-controlled, 1-dimensional (1D) polymer nanofibers. In this thesis, 

the applications of these nanofibers for applications in nanomedicine is explored. 

 

Chapter 1 provides an introduction into polymer self-assembly, living CDSA, and a brief literature 

review of nanoparticles explored for biomedical applications. Chapter 2 describes the synthesis 

and self-assembly of biodegradable and cationic poly(fluorenetrimethylenecarbonate)-block-

poly(dimethylaminoethylmethacrylate) (PFTMC-b-PDMAEMA) 1D nanofibers, and evaluates 

the length and shape dependence on antibacterial activity against Escherichia coli. A comparison 

to neutral 1D poly(ethylene glycol) nanofibers is made. Chapter 3 then investigates the 

antibacterial mechanism of action of 1D nanofibers relative to nanospheres of identical 

composition. This pathway is explored through the use of confocal laser scanning electron 

microscopy and flow cytometry, as well as transmission electron microscopy and scanning 

electron microscopy. Chapter 4 expands upon preliminary drug-loading results to explore the 

addition of the anticancer therapeutic paclitaxel to the core-corona interface of PFTMC-b-

PDMAEMA seed nanofibers. These are then evaluated as a delivery vehicle in 2D and 3D cell 

models containing glioblastoma cells. Chapter 5 then extends the scope of antibacterial activity of 

1D PFTMC-b-PDMAEMA nanofibers against gram-positive Staphylococcus epidermidis, as well 
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as explores the ability of these nanofibers for treating the extremely drug-resistant organism 

Burkholderia vietnamiensis. Chapter 6 concludes this thesis with an outlook as well as proposes 

future directions that could expand on the projects presented herein.  
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Chapter 1  

 

Introduction 

 

1.1 Self-assembly in nature and synthetic approaches 

 1.1.1 Natural self-assembly and templated synthesis 

Self-assembly is the spontaneous and reversible organization of smaller subunits through non-

covalent interactions without intervention from external forces.1 It underpins most of the complex 

systems in everyday life, from cellular organisms, our bones, the complex universe, to musical 

compositions.2 While great strides have been made in small molecule synthesis, many challenges 

remain. Notably, synthetic access to complex structures on the order of 10 nm – 100 µm remains 

elusive; in contrast, these structures are ubiquitous in nature.  

In what appears to be great ease, deoxyribonucleic acid (DNA) strands are precisely 

synthesized in a well-defined fashion, assembled into higher order structures, coiled into 

chromosomes, and then routinely unwound, copied, and wound again.3–6 What is a simple task for 

every single mammalian cell remains elusive to synthetic chemists. Furthermore, where we have 

failed to achieve such controlled hierarchical self-assembly, viruses have excelled.7 The assembly 

of the tobacco mosaic virus results in an ordered array of proteins with a pore perfectly sized to 

contain a strand of ribonucleic acid (RNA), with each virus measuring 300 nm in length (Figure 

1.1A).7,8 Biological assemblies do not stop there, with human bones containing at least 7 orders of 

hierarchical structure which is essential for their development, growth, and regeneration.9,10 
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Likewise, muscles contain several components which work together to slide along each other to 

cause contraction or relaxation (Figure 1.1B).11 This is possible through the cooperation of 

adenosine triphosphate, actin, and myosin to create movement through the release of energy.12  

 

Figure 1.1. Examples of self-assembled complex systems in natural biological environments. (A) 

The self-assembly of the tobacco mosaic virus to demonstrate that (i) small nuclei form first which 

together create larger building blocks (ii), which assemble into the final spiral form (iii) as 

demonstrated in the transmission electron microscopy micrograph on the right-hand side. Scale 

bar = 100 nm. Reproduced with permission from the American Society for Microbiology, 

Bacteriol. Rev. 1969, 33 (2), 302 – 309. (B) Hierarchical self-assembly of multiple individual 

A

B

(i) (ii) (iii)
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components which ultimately form muscle tissue. Reproduced with permission from Elsevier, 

Appl. Mater. Today 2020, 20, 10077. 

The defining trait of these complex assemblies is the presence of emergent properties.13,14 

Each individual component of the described systems does not sum to the total properties that are 

revealed upon their coalescence. The cooperation of the individual parts leads to hierarchical 

function that allows for life on Earth to exist. Therefore, if we can access such assemblies through 

synthetic approaches, an array of new materials with an untold number of applications becomes 

possible.  

 1.1.2 Synthetic approaches to self-assembled systems 

Two categories of self-assembled systems exist, those at equilibrium, or those out of equilibrium 

(Figure 1.2A).15–17 Equilibrium assemblies are said to be static, as no energy is dissipated to 

maintain their state (Figure 1.2B).15 While the term static is slightly misleading, as local dynamic 

processes are occurring to maintain the overall state, no macroscopic changes are observable. Out 

of equilibrium assemblies either expend energy in order to maintain homeostasis, or are kinetically 

trapped, and are considered to be dynamic, and static processes respectively (Figure 1.2B).16,17 The 

more elaborate morphologies previously discussed are normally not at equilibrium, and this allows 

for the generation of structures with higher-order properties. The question to then ask, is how can 

these complex systems be fabricated. 



4 
 

 

Figure 1.2. Schematics to demonstrate the differing types of self-assembled systems, including 

equilibrium and non-equilibrium assemblies. (A) From a disordered state in the center of the 

figure, either an equilibrium assembly can form (left) which does not require an input of energy to 

maintain homeostasis, or non-equilibrium assemblies are generated where exchange occurs, and 

energy is dissipated to maintain the system (right). Reproduced with permission from the Royal 

Society of Chemistry, Soft Matter 2009, 5 (6), 1110–1128. (B) Energy landscapes showcasing 

thermodynamic equilibrium, kinetically trapped assemblies, or far-from-equilibrium assemblies. 

Block copolymer self-assembly generally falls into kinetically trapped structures, whereas small 

molecule self-assembly is generally equilibrium self-assembly, where monomer exchange occurs, 

and a thermodynamically favoured product is obtained. Reproduced with permission from 

Springer Nature BV, Nat. Nanotechnol. 2015, 10 (2), 111–119. 

 Top-down approaches begin with a larger material and trimming, etching, shaping, or 

molding it to the desired final structure.18–20 On the macroscale, this could be represented by 
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carving a statue from a piece of marble. Such techniques on the nanoscale include lithography, 

where etching is performed on a surface to create a smaller patterned array (Figure 1.3A).21 The 

limit of this technique is the size in which the pattern can be made, which depends on the use of 

smaller and smaller wavelengths of photons, or electrons being employable.21 Another technique 

which has been developed for top-down self-assembly is thin-film stretching.22 Polymers are 

suspended in aqueous media and applied to a stretchable material. Upon evaporation of the solvent, 

the film is stretched to yield various morphologies, in particular anisotropic shapes. (Figure 

1.3B).22   

 

Figure 1.3. Top-down methods commonly employed for the generation of morphologically 

controlled nanoparticles. (A) Lithographic approach to creating patterned surfaces. This involves 

creation of a template, which is placed on top of a resist, which is then cured into the desired 

pattern and the template is removed. Reproduced with permission from Elsevier, Adv. Colloid 

Interface Sci. 2012, 170, 2–27. (B) Nanoparticles formed by thin-film stretching, giving spherical 

or oblong nanoparticles which can be stretched or modified to form intermediate structures shown 

in i-iv. Reproduced with permission from John Wiley & Sons, Wiley Interdiscip. Rev. Nanomed. 

Nanobiotechnol. 2016, 8 (2), 191–207. 
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In contrast, bottom-up techniques begin with small monomers containing features which 

encode the final assembly to yield the target particle.18,23–25 A macroscale example of bottom-up 

assembly would be the building of the pyramids, one brick at a time; on the nanoscale, this includes 

polymerizations, and small molecule and block copolymer self-assembly.26,27 This method holds 

more potential for achieving complexity compared to top-down self-assembly approaches, if the 

components can be made to behave cooperatively as required. Supramolecular chemistry provides 

a framework for bottom-up assembly on smaller scale. Awarded the Nobel prize in 1987, the 

ability to form host-guest complexes or ordered arrays has revolutionized the fields of medicinal 

chemistry, catalysis and more, with one example shown below where the antiparallel packing of 

perylene monoamide monomers forms supramolecular ribbons, which can be impregnated with a 

photocatalyst for hydrogen production (Figure 1.4A-D).28–32 Small molecule self-assembly is also 

a somewhat well-understood process.33 Surfactants and lipids are utilized to form high-curvature 

morphologies, owing to the presence of polar head groups and non-polar tails which drives the 

assembly to find the lowest energy conformation.33 This process is largely governed by the 

entropic expulsion of water from the hydrophobic components of the molecule into the bulk 

solution, but other contributing factors include enthalpy, the concentration and the overall 

geometry of the surfactant, and the conditions of the solution such as temperature.34 The 

morphology of the resulting particle can be predicted utilizing an equation to calculate the packing 

parameter, which takes into account the area of the hydrophilic head group, and the volume and 

the length of the hydrophobic tail.33 While these assemblies find many useful applications, they 

are inherently limited by the overall instability of the self-assembled particles. As their assembly 

is reliant on reaching a high molecular concentration, known as the critical micelle concentration, 
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they can easily collapse upon dilution leaving only molecularly dissolved compounds.33 Therefore, 

particles that possess greater colloidal stability need to be developed.  

 

Figure 1.4. Supramolecular assembly for photocatalytic hydrogen production.32 (A) Chemical 

structure of the perylene monoimide building block, and space filling model of such structure. (B) 

Packing model demonstrating interactions which govern ordered assembly. (C) Chemical structure 

of the photocatalyst which embeds within the ordered array of monomer. (D) Supramolecular 

ribbons generated from tight antiparallel packing of building blocks. Reproduced with permission 

from Springer Nature BV, Nat. Chem. 2014, 6, 964–970. 

 
1.2 Block copolymer self-assembly 

Polymers are chemical moieties repetitively joined together through covalent bonding, to create 

long chain, high molecular weight structures.35 Several synthetic methods have been developed to 

A B

D

C
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access polymers from a variety of starting materials, including addition, condensation, and radical 

polymerizations, as well as living polymerizations.36–39 Living polymerization techniques are 

especially useful as they result in high molecular weight materials with relatively low molecular 

weight dispersities, meaning there are only small discrepancies in the overall degree of 

polymerization of each polymer chain, leading to greater predictability of the self-

assembly.36,38,40,41 Additionally, as they are termed “living”, the chain-ends of the polymers remain 

active to further growth, and so sequential block copolymers (BCPs) can be made by employing 

such synthetic strategies.36,40 Importantly, there need not be chemical similarity between the two 

blocks, and thus self-assembly of BCPs can yield structures with unique and tunable morphologies 

and properties.40  

 1.2.1 Solid-state self-assembly 

BCPs can assemble in the solid state into amorphous or semi-crystalline phase separated materials, 

with the latter possessing desirable properties such as increased mechanical strength and stiffness, 

but lower impact resistance and solubility.42–46 The phase separation is driven by the energy of the 

interactions occurring between the blocks in the bulk state or in thin-films.42,44 Several different 

morphologies are obtainable depending on how those interactions are controlled. For example, the 

volume fraction of each block will contribute to the final morphology (Figure 1.5A).47 If the 

volume fractions are one-to-one, gyroid or lamellar morphologies are more commonly obtained. 

An imbalance in the volume fractions between the blocks results in the formation of body-centered 

cubic or hexagonal structures.47 This is largely related to the interfacial curvature of the resulting 

morphology, as the volume fraction indirectly represents interface crowding effects (Figure 

1.5B).47 The self-assembly is also driven by the free energy of mixing of the blocks.48,49 Enthalpic 

contributions are usually unfavourable and there is net repulsion between the two blocks, 
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especially if their solubilities differ significantly. The entropy of mixing for many BCPs is 

favourable, but only slightly, and thus this term is outweighed by the enthalpic contributions.48 

Thus, the free energy of BCP mixing is normally positive and non-spontaneous, unless performed 

at elevated temperatures. Another parameter that is commonly utilized to describe BCP self-

assembly is the Flory-Huggins interaction parameter. This considers the net repulsion between the 

two blocks and is proportional to enthalpy and inversely proportional to temperature.48 The output 

is a segregation factor, with values over 100 indicating very strong segregation between the blocks, 

and values near 10 indicating weak segregation.48 These tenets are applicable to diBCPs, as well 

as BCPs of higher orders, although the number of morphologies and overall complexity of the 

system increases as the number of blocks increases. 

 

Figure 1.5. Amorphous solid- and solution-phase self-assembly as influenced by various 

parameters. (A) Solid-phase self-assembly morphologies of a diblock copolymer, with changes 

corresponding to increases in the volume fraction of B. (B) Solid-phase self-assembly of a diblock 

A

B
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copolymer demonstrating that as the volume fraction of A increases towards a 1:1 block ratio, 

lower interfacial curvature structures are obtained. (C) Solution-phase assembly morphology map 

of an example amorphous diblock copolymer demonstrating that the resulting morphology is 

highly dependent on the concentration, and molecular weight of the polymer, and that 

morphological purity is difficult to access. Reproduced with permission from the Royal Society of 

Chemistry, Chem. Soc. Rev. 2012, 41, 5969–5985. 

 1.2.2 Solution-state self-assembly 

Solution-phase self-assembly of BCPs is also possible if the solubilities of the blocks differ. The 

complexity of the self-assembly process further increases relative to the solid-state, as now the 

solvent also plays a significant role in the thermodynamics. Additionally, unlike small-molecule 

assemblies which may be at chemical equilibrium, block copolymer solution assemblies are 

normally kinetically trapped.17 Thus, mixtures of shapes and sizes can be obtained under the same 

self-assembly conditions such as spheres, cylinders, and platelets (Figure 1.5C). As the rate of 

unimer exchange is very low in these kinetically-trapped structures, a low energy equilibrium 

structure is not obtained even over extended periods of time or range of temperatures.50–52 

Similarly to solid-state self-assembly, the resulting morphologies are governed by several factors. 

Most notably, these include the block ratio, the solvent, the temperature, and the processing 

method.47 Pioneering work was performed in the 1990s and early 2000s by the Eisenberg group 

which demonstrated this phenomenon beautifully (Figure 1.6).53–55 It is important to note that high-

curvature structures are formed in the majority, with low-curvature interface structures much more 

difficult to obtain.  
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Figure 1.6. Pioneering work performed by the Eisenberg group on solution-state self-assembly. 

Through subtle variations in the core-forming and corona-forming block degrees of polymerization 

vast morphological space is accessed. HHH = hexagonally packed hollow loops. LCM = large 

compound micelles. Adapted with permission from the Royal Society of Chemistry, Chem. Soc. 

Rev. 2012, 41, 5969–5985. 
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Several thermodynamic factors contribute to the overall free energy of micellization, 

including the energy of the intercoronal chain repulsions, the core-chain stretching, and the 

interfacial energy.53 Intercoronal chain repulsion is an enthalpic contribution arising from the 

repulsions occurring between the coronal chains in solution. This repulsion is increased when 

electrostatic interactions are present, or when the coronal chains are sufficiently long. To minimize 

repulsions, high curvature interface structures are favoured, with spheres preferentially forming 

over cylinders and vesicles. In contrast, the core-chain stretching is an entropic contribution which 

is governed by the requirement for the core-chains to undertake fewer and less favourable (with 

fewer degrees of freedom) conformations upon assembly. Normally, this is minimized in larger-

core structures as the core chains can freely interact with one another in the interior of the core. 

For spherical particles, this instead leads to the generation of a large number of very small particles, 

rather than a small number of large particles. Finally, the interfacial energy is a parameter that 

describes the enthalpic penalty associated with the core-segments interacting with the solvent that 

is selective for the corona. These interactions are minimized in larger particles, as the overall 

surface area of the exposed core is lower. Together, these parameters can explain why different 

morphologies are accessible under differing conditions,53,56 and importantly, it highlights the level 

of complexity present in BCP self-assembly, which limits rational prediction of the final shape and 

size of the particles. 

 

1.3 Crystallization-driven self-assembly 

 1.3.1 Self-assembly of block copolymers with a crystallizable core-forming block 

Crystallization of the core-forming block of a BCP can offer control over the resulting assembly 

morphology, as a new term is introduced into the thermodynamic equation57–60 The free energy 
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associated with the formation of the crystal structure lattice now needs to be considered.61 This 

term contributes to the free energy of the core-chain-stretching as outlined in the previous section. 

The stability granted by formation of the crystal lattice is now able to compete with the other 

thermodynamic parameters to favour low interfacial curvature structures such as 1-dimensional 

(1D) nanofibers and 2-dimensional (2D) nanoplatelets. Polymers that contain a regular, symmetric 

structure are often able to crystallize in solution. The regularity can arise due to many factors, such 

as single enantiomeric forms present in the backbone, the presence of hydrogen bonds between the 

chains, or π-π stacking interactions.60 All of these contribute to the ability of a polymer to form a 

rigid crystalline material. This does not only apply to crystalline homopolymers, but also to BCPs 

when the crystallizable core-forming block is present at an adequate degree of polymerization. For 

example, the crystal structure of poly(ethylene oxide)-b-poly(styrene) (PEO-b-PS) was studied in 

the 1960s by Keller and coworkers.58 Through brightfield microscopy and X-ray analysis, they 

were able to conclude that the platelet-like structures they were observing contained crystalline 

cores (Figure 1.7A). Furthermore, in the late 1990s it was determined that the morphology of the 

BCP assembly can be influenced by the crystallization of the core-forming block.62,63 In this work, 

polyferrocenylsilanes were employed as the core-forming block. Importantly, 

polyferrocenylsilanes are only crystallizable upon symmetric substitution at the silyl group (Figure 

1.7B); if one of the groups is substituted for an alternative functional group, the polymer no longer 

contains the structural regularity required to crystallize (Figure 1.7B).63 When crystallization of 

the core was favourable upon introduction of a poor solvent long nanofiber micelles were 

observed. Alternatively, when crystallization was not possible, spherical nanoparticles were 

observed, similarly to many amorphous-core BCPs. The nanofiber morphology contains a very 

low interfacial curvature, a feature that is not normally accessible with amorphous core-forming 
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blocks.64 This discovery of morphological control governed by the crystallization of the core gave 

rise to the term crystallization-driven self-assembly (CDSA).61 

 

Figure 1.7. Images demonstrating the influence of core-crystallization on nanoparticle 

morphology. (A) (i) PEO-b-PS block copolymer self-assembled micelles with low interfacial 

curvature. (ii) X-ray diffraction pattern of the micelle in (i), demonstrating the crystalline nature 

of the core. (iii) Stacked flat core-curvature morphologies obtainable due to the crystallinity of the 

PEO core-forming block. Reproduced with permission from Springer Nature BV, Kolloid- Z.u.Z. 

Polymere 1966, 209 (2), 115–128. (B) Pioneering work performed by the Manners group 
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demonstrating that upon ring-opening of ferrocenophane monomers with the silicon substituted 

with two methyl groups, length disperse crystalline-core nanofibers are generated in mixtures of 

CH2Cl2 and hexanes, whereas in (ii) when one methyl is substituted for an ethyl group, core 

crystallization does not occur and spherical micelles are obtained. Reproduced with permission 

from the American Chemical Society, J. Am. Chem. Soc. 2000, 122 (47), 11577–11584. 

 1.3.2 Living CDSA 

Core-crystallization offers further opportunities for the generation of controlled nanoparticles. As 

discovered in 2007, the crystalline core of 1D nanofibers is susceptible to physical stress which 

can cause fracture.57,59,65 Commonly, sonication is utilized to induce breakage of the core. Longer 

structures tend to break more easily, akin to breaking a long twig versus a much shorter one.65,66 

Therefore, if the power is great enough and the sonication proceeds for a sufficient time, the 

population of nanofibers gradually approach the same length (ca. 25 nm). While some variations 

exist in the final nanofiber length due to differences in the crystal lattice of the individual 

nanoparticles, adequate sonication normally results in a reasonably uniform population of very 

short nanofibers, termed “seeds”. These seeds can then act as crystal nuclei, where the ends remain 

active for epitaxial growth upon the addition of further dissolved polymer (unimer) (Figure 

1.8A).59 This process is analogous to living polymerization, and similarly, the final length of the 

resultant nanofibers is directly dependent on the unimer/seed mass ratio. This process is known as 

seeded-growth living CDSA, and can also be applied to the formation of controlled 2D 

nanoplatelet micelles, which are favoured when the core-to-corona block ratio is near to on-to-one 

(Figure 1.8B).  
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Figure 1.8. Schematic to illustrate the morphological control of nanoparticles produced via living 

CDSA. (A) For 1D nanofibers, unimer is added to seed micelles which grows epitaxially from the 

seed termini. The final length is directly dependent on the ratio of unimer to seed. (B) Area control 

is achievable for the formation of 2D nanoplatelet structures, through the use of either 

homopolymer seeds or charge-capped homopolymer. Unimer is added and grows in two 

dimensions from the seed, to a size that is directly dependent on the amount of unimer added. 

Reproduced with permission from the Royal Society of Chemistry, Chem. Sci. 2021, 12, 4661–

4682. 

Self-seeding living CDSA is also well known.64,67–69 In this case, the polymer is dissolved 

in a solvent in which both blocks of the BCP are soluble at high temperatures, but in which the 

core-forming block selectively crystallizes upon cooling. Upon cooling of the unimer solution 

small crystalline nuclei precipitate and act as in situ seeds for epitaxial growth. This process also 

can yield length-controlled structures with low overall dispersity, however, less control is obtained 

over the final length as the amount of crystalline nuclei depends on both the temperature upon 

heating and cooling, and reproducibility is limited.64 These methods can be utilized for the 
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formation of 1D nanofibers and 2D platelets, and the presence of active termini in both lends to 

the formation of higher order structures.  

 1.3.3 Hierarchical assembly via living CDSA 

Living CDSA has been demonstrated to be a versatile method for creating segmented and 

hierarchical structures.70–72 The former structures can be generated through the sequential addition 

of BCPs containing the same core chemistry but different coronal chemistry. In few instances, if 

the core-crystal lattice is sufficiently similar, then two different core-forming blocks may be used 

for heteroepitaxial growth.73,74 In either case, the ability to create segmented structures with well-

defined coronal spaces of unique chemical composition affords the development of structures such 

as non-centrosymmetric micelles,75–77 barcode micelles,77 and multiblock patchy platelet 

comicelles.78 For example, hierarchical assemblies can be obtained through tuning of the coronal-

block chemistries; in studies published in 2015 and 2016, hydrophobic and polar corona segments 

are exploited to drive association between chemically similar blocks to form higher order 

structures such as cross-like micelles and train-track-like micelles (Figure 1.9A).70,71 Importantly, 

control over the final morphology is dictated by the overall degree of polymerization of the BCP 

and through solvent selection. Patchy 2D block comicelles can be made through the dissolution of 

a central segment which contains a different solubility profile than the external segment (Figure 

1.9B).79 Non-centrosymmetric micelles are accessible upon utilization of a cross-linkable corona 

forming block (Figure 1.9C).75 The cross-linking renders one side of the central micelle inactive 

to epitaxial growth, and thus unidirectional growth can occur upon the addition of further unimer. 

The discovery of numerous such higher-order synthetic nanostructures highlight the vast utility 

and versatility of the living CDSA method.  
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Figure 1.9. Hierarchical assemblies accessible through living CDSA. (A) P-H-P triblock 

comicelles, where P = polar and H = hydrophobic blocks. As the solvent polarity increases (left to 

right) the hydrophobic segments of the nanofibers associate together to form higher order 

structures. (B) Patchy 2D block comicelles, generated from alternate addition of unimers with 

different solubilities. Upon addition of THF into the mixture, the central segment dissolves. (C). 

Barcode micelles with dyes attached to the respective corona-forming block. Non-

centrosymmetric micelles were generated through cross-linking of the central segment, followed 

by sonication to fragment the disperse nanofiber. Reproduced with permission from the Royal 

Society of Chemistry, Chem. Sci. 2021, 12, 4661–4682. 
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1.4 Nanoparticles and their applications in nanomedicine  

 1.4.1 General applications and considerations 

Nanomedicine describes the use of nanoscopic structures with dimensions from ca. 10 – 200 nm 

for disease diagnosis and treatment,80–82 and since its inception, many nanoparticles with medicinal 

uses have been developed (Figure 1.10).82 While compositionally these nanoparticles are 

chemically distinct, the physiochemical properties of the nanoparticles are all largely dependent 

on their size, shape, and surface chemistry.81 Owing to their unique and tunable properties, 

nanoparticles have been exploited for uses as bioimaging agents, high-throughput diagnostics, and 

disease treatments.80 However, despite the increase in reports detailing the development of novel 

nanomedicine treatments, relatively few have successfully reached clinical trials for purposes of 

directly treating diseases, such as cancer, or for drug-delivery.83–85 Their clinical applications 

currently are limited to acting as protective drug-delivery vectors which offer few enhancements 

to specific targeting and potency.84–87 Overall, the approved treatments are confined to those 

spherical in shape, and are based on increased solubilization of an already prescribed therapeutic 

to increase the bioavailability. Unfortunately, it is clear that the full potential of nanomedicine has 

not yet been reached,84,86,88 and more fundamental information is needed in order to increase the 

diversity of applications available for nanoparticle use and facilitate rational design. Increasing 

targeting capabilities and rendering the nanoparticles themselves more useful and potent for 

therapeutic applications may be mediated through tuning of the size and the shape of the 

nanoparticle.  



20 
 

 

Figure 1.10. Nanoparticles of various compositions, commonly employed for biomedical 

applications. Each is associated with respective advantages and disadvantages. 

 1.4.2 Size-dependent properties 

Upon injection of a nanoparticle into the body, several processes occur. Immediately, a protein 

corona forms around the nanoparticle,89,90 which can block any targeting groups present on the 

surface and mark the particle for degradation. The nanoparticles then circulate through the 

bloodstream, become opsonized by the immune system, or extravasate into different organs and 

tissues, which more often than not unfortunately involves sequestration into the kidneys or liver 

(Figure 1.11A, B).89 The details of these processes are dependent on the nanoparticle size.91 The 

formation of the protein coat and which substrates are adhered to the surface of the nanoparticle is 

partially dictated by the size of the nanoparticle. If the cells of the body recognize the object as 

foreign, this can trigger targeting by macrophages or the complement system, leading to inadequate 

circulation of the nanoparticles due to their destruction by the immune system.87 The circulation 

half-life of the particle is greatly dependent on the nanoparticle size as well.89 As mentioned, if the 
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nanoparticle is too large or too small, this can lead to immediate filtration by the renal or waste 

systems. Medium sized particles can persist longer in circulation due to avoidance of these 

mechanisms. Importantly, extravasation into tissues or organs is thought to be governed by the 

size of the intercellular gaps present between specific cell types.89,90 This means that for example, 

if the particle is between 50 – 100 nm, it could accumulate in the liver, whereas particles between 

2 – 5 µm in size have been proposed to accumulate in the lungs (Figure 1.11B).89 Overall, particles 

approximately 100 nm in size have been suggested  to be the most long lasting in circulation, 

which can be advantageous for therapeutic delivery so long as they reach their target eventually.89 

Finally, the size of the nanoparticle can also influence its ability to penetrate into a tumor.89,90 The 

tumor microenvironment can be extremely variable between types of cancer, with some possessing 

increased vasculature, while others contain a dense and fibrous extracellular matrix.90 If the tumor 

is characterized by increased and leaky vasculature, larger particles can be advantageous for 

extravasating into the tumor; in contrast, it has been noted that much smaller nanoparticles are 

more adept at penetrating into more complex and packed tumor environments.89,92 Evidently, the 

size of the nanoparticle employed will depend on the desired accumulation location and pathology 

of the targeted disease. It should be noted that all the outlined trends are dependent on the 

composition of the particle as well, and deviations can be observed depending on the material 

studied. Additionally, the pathway the particle will take is incredibly complex and of course, is not 

simply controlled by the size of the nanoparticle alone; the shape also plays a pertinent role in the 

ultimate fate of the nanoparticle.   
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Figure 1.11. Biological barriers encountered by nanoparticles upon injection into the body. (A) 

Immunological and physical barriers that nanoparticles must surpass to reach the tumor site, 

including recognition by the immune system, off-target distribution, red blood cell interactions, 

high intravascular pressures, and cellular internalization. (B) Size, shape, and surface-charge 

dependence on particle accumulation in the body. Smaller nanoparticles (< 5 nm) are largely 

excreted through the kidneys, whereas larger (> 150 nm) preferentially accumulate in the lungs. 

Reproduced with permission from Nat. Biotechnol. 2015, 33 (9), 941 – 951.    

 1.4.3 Shape-dependent properties 

The idea that “form follows function” has been discussed in many academic areas, but particularly 
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chromosomes, and cells, but also for nanoparticles. Spherical nanoparticles are the most commonly 

produced and studied, largely due to the thermodynamic properties discussed in section 1.2.2 

leading to their preferential formation over lower curvature morphologies. However, other shapes 

are also obtainable and have been studied in biological applications, albeit much less frequently. 

If we consider spherical, cylindrical, and discoidal nanoparticles being the most relevant for 

discussion, we can rationalize how these shapes affect the biodistribution and pharmacokinetics of 

the injected nanoparticles (Figure 1.11B).89 Importantly, how the nanoparticle behaves in the 

laminar flow of the bloodstream will affect its circulation half-life and margination to tissues. For 

example, spherical particles do not disrupt the bloodstream and circulate for approximately 2 – 3 

days, while long cylindrical micelles, on the other hand, are capable of aligning with the blood 

flow, and this allows them to persist in the blood stream for much longer periods of time (> 1 

week).93,94 Shorter cylindrical and discoidal shapes experience “tumbling” in the blood stream, 

and this promotes their margination to the blood vessel walls.89 This can increase their adherence 

to endothelial cells and increase extravasation into surrounding tissues, allowing for enhanced 

penetration and accumulation at tumor sites. Finally, the shape of the nanoparticle can also dictate 

the bioaccumulation sites, with spherical particles showing higher concentrations in the liver, 

relative to cylindrical and discoidal shapes of a given composition, which appear to be increased 

in the lungs and spleen (Figure 1.11B).89 Overall, it is clear that total control over the nanoparticle 

shape and size is critical for addressing specific diseases of interest, as targeting to an organ, tissue, 

or cell type will be greatly impacted by these nanoparticle parameters. Thus far, discrepancies 

between the desired impact of the nanoparticle and the physiological in vivo activity have greatly 

hindered the widespread use of nanoparticles for medicinal purposes, and thus more fundamental 

knowledge is required to resolve these issues.   
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 1.4.4 Anisotropic nanoparticles in nanomedicine 

Anisotropic nanoparticles have been garnering intense attention for medicinal applications due to 

their multi-dimensionality, allowing for more unique biological interactions to occur. Many 

materials have been utilized, but those that are especially common are metal nanoparticles, likely 

due to their manufacturability.95–97 Many methods exist for creating anisotropic nanoparticles, 

including both top-down and bottom-up approaches. The former includes methods such as thin-

film stretching and electron beam lithography for mold-making, whereas the latter usually involves 

self-assembly, or microfluidics.98 As mentioned in the previous section, anisotropic particles 

behave less predictably in vivo, as multiple different orientations are able to interact with a cell 

due to the differing dimensions present in a single structure. This angle of contact can then dictate 

the level of cellular uptake or adherence.99,100 For example, ellipsoidal particles (both prolate and 

oblate) have been demonstrated to have increased adherence to cells over spherical particles.101 

Interestingly, despite increased adherence in both ellipsoidal particles, only those with an oblate 

shape experienced increased uptake over spherical nanoparticles, with the prolate-ellipsoids 

having reduced cellular uptake.101 Therefore, control over the aspect ratio is also needed when 

designing nanoparticles for biological applications.  

Nanoparticle anisotropy has been experimentally demonstrated to offer several additional 

advantageous biological properties. It was determined that rod-like nanoparticles elicited lower 

cytokine release from macrophages (Figure 1.12A).102 Additionally, delivery of therapeutics using 

anisotropic iron oxide nanoparticles in mice resulted in increased drug-retention in the blood 

stream, as well as lower levels of white blood cells, relative to nanospheres (Figure 1.12B).103 In 

another study, polystyrene anisotropic nanoparticles displayed higher accumulation in their target 

organs relative to nanospheres, along with increased diffusion through the extracellular matrix of 
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the tumor microenvironment.104 Furthermore, rod-like particles have shown increased 

accumulation in the lungs and the brain, the latter target being traditionally very difficult to reach 

due to the blood-brain-barrier.104 Anisotropic nanoparticles generated from both top-down and 

bottom-up approaches have been utilized for efficient delivery of cargo, including nucleic acids 

(siRNA, mRNA, DNA) and chemotherapeutics, and oxygen.98 In one such example, it was 

demonstrated that the employment of worm-like polymer micelles (polyethyleneglycol-b-

polyphosphoramidate) enhanced transfection efficiency 10,000× relative to spherical particles of 

identical composition (Figure 1.12B).105 Therefore, it becomes clear that anisotropic nanoparticles 

have several advantages over their isotropic counterparts, yet, to date, only a very small fraction 

of nanoparticles undergoing clinical trials or approved for use are anisotropic. This is likely due to 

the materials employed (majority liposomal) favouring spherical structures, as well as the ease of 

obtaining this morphology. Therefore, if uniform, controllable, anisotropic nanoparticles can be 

fabricated in a reproducible, predictable, and facile manner, then their employment for clinical use 

may become more widespread. This can be achieved using living CDSA to generate the 

nanoparticles containing crystalline cores, of controlled length.  
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Figure 1.12. Advantageous cellular interactions and biological properties of anisotropic 

nanoparticles. (A) (i) Cylindrical nanoparticles were demonstrated to cause a much lower amount 

of cytokine release from macrophages and (ii) anisotropic nanoparticles aided in prolonging drug 

circulation and resulted in decreased white blood cell counts. Reproduced with permission from 

Nat. Rev. Chem. 2017, 5, 21 – 45. (B) Three different nanoparticle morphologies were analyzed 

including (i) spherical (ii) short rods and (iii) long rods and the transfection efficiency was 

measured. It was demonstrated that long rod-like nanoparticles were able to reach a 10,000 x 

higher transfection efficiency relative to spherical counterparts. Reproduced with permission from 

John Wiley & Sons, Adv. Mater. 2013, 25 (2), 227 – 232. 
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1.5 PFTMC-based block copolymers 

 1.5.1 Advantages of polycarbonate-based nanoparticles 

Living CDSA has been shown to be a useful tool for the creation of near monodisperse 

nanoparticles, but most of the examples described in the literature involve the use of polyferrocene 

core-forming blocks or 𝜋-conjugated core-forming blocks such as polythiophenes.68,69,106–113 

While these crystallize superbly, their self-assembly takes place in solvent mixtures such as 

dichloromethane/hexanes, which are not conducive for biomedical applications. Such nanofibers 

are also not dispersible nor colloidally stable in water; therefore, new core-forming blocks are 

needed for living CDSA to be useful for nanomedicine.  

Some of the first described biocompatible and biodegradable core-forming blocks include 

polylactides and polycaprolactones. The O’Reilly and Dove groups pioneered work in this area, 

demonstrating that these polymers could be utilized as crystallizable core-forming blocks, and 

were eventually able to perform controlled living CDSA under aqueous conditions.66,67,74,114–117 

However, these core-forming blocks favoured 2D assemblies, and accessing 1D nanofibers 

required great control over the block ratios and the solvents selected. Additionally, the 

biodegradation of these materials occurs through bulk hydrolysis, which in turn releases large 

amounts of acidic byproducts which can trigger an immune response and catalyse further 

degradation, and they are therefore not ideal for biomedical applications.118 Poly(trimethylene 

carbonate) had also been explored for use in block copolymers due to its hydrophobicity and low 

glass transition temperature;119,120 however, the polymer structure is not rigid enough to crystallize. 

Therefore, in 2014 Hedrick and Yang described the synthesis of a new polycarbonate-based core-

forming block, poly(fluorenetrimethylene carbonate) (PFTMC).121 This compound was initially of 

interest for its electroactivity and biodegradability. The article outlined the monomer synthesis and 
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the subsequent ring-opening polymerization using poly(ethylene glycol) (PEG) as a macroinitator 

for the controlled polymerization (Figure 1.13A), generating BCPs of high-molecular weight and 

of low dispersity. The self-assembly was then attempted through the direct dialysis of the unimer 

BCP from THF into water. When the degree of polymerization of the PEG corona-forming block 

was lower, almost exclusively low interfacial curvature tape-like micelles were observed by 

transmission electron microscopy (Figure 1.13B).121 Upon increasing the fraction of the 

hydrophilic block, the morphology transitioned to give mostly spherical micelles. Normally upon 

solution self-assembly of amorphous-core structures, where thermodynamic parameters (e.g. short 

corona-forming block) favour the formation of low interfacial curvature structures, vesicles are 

formed. It was not yet realized in this work that the tape-like structures observed were a result of 

PFTMC crystallization. 
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Figure 1.13. First synthesis and investigative self-assembly of diblock copolymers containing a 

PFTMC core-forming block. (A) Synthetic route to ring-strained fluorene monomer, which 

undergoes ring-opening polymerization upon macroinitiation by PEG-OH. (B) Morphologies 

obtained under various self-assembly conditions, ranging from flat interfacial curvature 

morphologies (i) to highly curved morphologies (iii), and the mixture obtained during the 

transition (ii). Reproduced with permission from the Royal Society of Chemistry, Polym. Chem. 

2010, 5 (6), 2035 – 2040.  
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Subsequently, in 2018 it was reported that the BCP PFTMC20-b-PEG could undergo living 

CDSA in mixtures of DMSO:MeOH to yield length controlled nanofibers with low dispersity 

(Figure 1.14A, B).122 The BCP was synthesized through the procedure reported by Hedrick & 

Yang, and various molecular weight PEG macroinitiators were employed for creating BCPs with 

differing block ratios. Only when the block ratio was close to 1:2 (20:44) were 2D structures 

formed. Spherical micelles were only observed upon direct addition of unimer solution into water. 

1D nanofibers formed in mixtures of DMSO:MeOH could be readily transferred into water through 

dialysis, and remained colloidally stable (> 2 years in H2O) upon doing so. The crystallinity of the 

core was confirmed through a combination of small- and wide-angle X-ray scattering experiments. 

Molecular dynamics also elucidated the number of chain folds and chain orientation of the PFTMC 

polymers within the core, with 1 chain fold occurring when the PFTMC degree of polymerization 

was 20. The BCP nanofibers were evaluated for cytotoxicity against WI-38 and HeLa cells in 2D 

cell culture using AlamarBlue™ to assess cellular metabolism. No cytotoxicity was observed at 

concentrations less than or equal to 100 µg/mL (Figure 1.14C). The degradation product, 9H-

fluorene-9,9-dimethanol, which is assumed to arise from surface erosion, was also evaluated for 

cytotoxicity. It was determined that cell viability only decreased at concentrations above 0.45 mM 

or 1.01 mM, for WI-38 or HeLa cells respectively. The discovery of this new biodegradable and 

biocompatible crystallizable core-forming block unlocked the potential to explore vast 

applications of PFTMC 1D nanofibers in nanomedicine.  
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Figure 1.14. First report of diblock copolymers containing a PFTMC core-forming block 

undergoing living CDSA. (A) Schematic demonstrating the process of obtaining seeds from 

polydisperse micelles through sonication, followed by addition of polymer unimer to generate near 

monodisperse micelles. This process can be followed by TEM as demonstrated in (i) through (vi), 

and the final length of the polymer nanofibers is dependent on the amount of added unimer. (B) 
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Histogram of the count vs length of the nanofibers, demonstrating a low-length dispersity sample 

is obtained in mixtures of MeOH:DMSO. (C) Cell viability of WI-38 and HeLa cells upon 

incubation with PFTMC-b-PEG nanofibers from 100 µg/mL to 0 µg/mL, with no toxicity 

observed. Reproduced with permission from the American Chemical Society, J. Am. Chem. Soc. 

2018, 140 (49), 17127–17140. 

 1.5.2 Previous work employing PFTMC nanomaterials for nanomedicine 

Since the publishing of this article in 2018, our group has explored the use of PFTMC-based 

nanofibers for biomedical applications such as drug delivery and nucleic acid delivery.123–127 The 

nanofibers employed have expanded from PFTMC-b-PEG to include a variety of corona forming 

blocks, most notably poly(N-isopropylacrylamide) (PNIPAM), poly(dimethylaminoethyl 

methacrylate) (PDMAEMA), poly(N-2-hydroxypropyl methacrylamide) (PHPMA), and 

polyfructose (PFr), each with their own unique advantage for biological applications. For example, 

PNIPAM exhibits a low critical solution temperature which allows it to undergo morphological 

changes around 37 °C, which may be useful for drug delivery applications.128 PDMAEMA is 

partially protonated at physiological pH, allowing for the complexation of anionic cargos as well 

as targeting of anionic cell membranes.129 PHPMA readily undergoes polymerization-induced 

self-assembly, making it a promising candidate of scaffolding applications. PFr contains fructose 

moieties which are proposed to specifically interact with the GLUT5 receptor commonly 

upregulated on breast-cancer cells, allowing for more specific targeting.130 The majority of our 

previous work, however, relies on PFTMC-b-PEG, PFTMC-b-PNIPAM, and PFTMC-b-

PDMAEMA.  

Drug loading has been performed on both tri- and di-BCPs.123,124 Initially, it was believed 

that the addition of a hydrophobic, yet amorphous middle block would allow for better 
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encapsulation of hydrophobic cargo in the micelle, as in amorphous core structures the drug is 

typically encapsulated within the hydrophobic core. Therefore, triblock copolymer micelles of 

composition PFTMC-b-poly(butyl methacrylate)-b-PEG (PFTMC-b-PBMA-b-PEG) were 

synthesized and prepared by living CDSA, and the model compound Nile red was encapsulated in 

the core (Figure 1.15A, B).123 It was demonstrated that the maximum drug loading capacity was 1 

wt.%, representing an encapsulation efficiency of 6.7 % (Figure 1.15C). It was then discovered 

that nanoparticles which did not include the middle amorphous core could also load cargo.124 

Therefore, the ability to load Nile red at the core-corona interface of crystalline core PFTMC-b-

PEG and PFTMC-b-PNIPAM nanofibers was also explored.124 Here, it was identified that the 

maximum drug-loading capacity was also 1 wt%, and that the chemical composition of the corona-

forming block did not dramatically affect this drug-loading capacity. 
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Figure 1.15. PFTMC-b-PNIPAM based nanofibers developed for drug-delivery applications. (A) 

Triblock copolymer nanofibers derived from PFTMC-b-PBMA-b-PNIPAM, where PBMA is an 

additional hydrophobic non-crystalline core which is able to encapsulate hydrophobic cargo upon 
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transfer into water. (B) Preformed-nanoparticle solvent-switch loading system developed in the 

reported literature, which involves the drug, and the nanoparticles present in a good solvent, which 

is then slowly transferred into water by syringe-pump, and the organic solvent is allowed to 

evaporate, localizing the hydrophobic cargo to the hydrophobic core-corona interface. (C) Length 

contour analysis of drug-loaded nanofibers, encapsulation efficiency and quantitative drug-loading 

capacity of triblock copolymer nanofibers, and fluorescence emission upon loading with Nile red, 

as reported by Garcia-Hernandez et al.123 Reproduced with permission from the American 

Chemical Society, Macromolecules 2021, 54 (12), 5784–5796. 

Nucleic acid complexation has also been extensively investigated in our group over the 

past few years.125–127 For this purpose, the BCP PFTMC-b-PDMAEMA is utilized, as the cationic 

PDMAEMA corona complexes to the anionic DNA with ease, resulting in the formation of stable 

“micelleplexes”. The effect of nanofiber length on the DNA delivery was explored, with short seed 

nanofibers of approximately 25 nm in length exhibiting the highest transfection efficiencies 

relative to those > 70 nm in length, and greater than nanospheres (Figure 1.16A).126 Further work 

determined that upon increasing the length of the PDMAEMA corona, more DNA can be 

complexed resulting in transfection efficiencies more than 1000× higher than the lipid industry 

standard lipofectamine (Figure 1.16B).127 Both PFTMC-b-PDMAEMA nanofibers utilized for 

transfection displayed low toxicity at the concentrations of interest (Figure 1.16C, D). These 

results demonstrate that BCP nanofibers containing a PFTMC core-forming block are particularly 

promising for biomedical applications, and thus they are further explored in the remaining chapters 

of this thesis. 
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Figure 1.16. Transfection efficiency of PFTMC-b-PDMAEMA based nanofibers. (A) 

Transfection levels of PFTMC-b-PDMAEMA nanofibers in U87 GBM cells, as dependent on the 

length and the shape of the nanoparticles, with short seed nanofibers displaying the highest 

transfection levels at an N/P ratio of 20. (B) Transfection efficiency of PFTMC-b-PDMAEMA 

nanofibers with a longer coronal block degree of polymerization, enabling higher transfection than 

shorter coronal counterparts. (C) and (D) represent the relative cell viability determined for U87 

GBM cells upon incubation with the PFTMC-b-PDMAEMA nanofiber samples, with shorter 

coronal lengths displaying lower overall cytotoxicity at higher N/P ratios. Reproduced with 

permission from the American Chemical Society, J. Am. Chem. Soc. 2022, 144, 19799–19812; 

Reproduced with permission from the Royal Society of Chemistry, Biomater. Sci. 2022, 11, 3512–

3523. 
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1.6 Thesis objectives 

This introduction has outlined the fundamental principles underlying block copolymer self-

assembly, living CDSA, and nanomedicine. Recent work has demonstrated the potential utility of 

controlled, morphologically pure, and anisotropic nanoparticles for biomedical 

applications.97,99,115,116,126,131 Nevertheless, further studies are required to determine the full 

therapeutic capabilities of these 1D nanofibers, with the key objectives of this thesis outlined 

below.  

 1.6.1 Investigate the antibacterial activity of cationic 1D nanofibers 

Antibiotic resistance is an ever-growing, yet ancient issue facing today’s generations worldwide. 

Traditional small molecules commonly target a very specific feature of either the bacterial 

membrane or a metabolic pathway, and small deviations in these structures arising from random 

mutations can render the entire family of antibiotics ineffective. Resistance can be triggered by the 

over-prescription of such therapies, as this can lead to constitutive exposure to low levels of 

therapeutics, which provide a selection pressure for resistant organisms and, eventually, ineffective 

eradication of disease. Thus, treatments with more general mechanisms of action are direly needed, 

as resistance is much more difficult to acquire when a broad characteristic of the bacterium is 

targeted. Polymeric materials have the potential to address this need. Various polymer assemblies 

have been previously synthesized for antibacterial applications, but these are limited to 

homopolymers or BCPs which undergo uncontrolled assembly in solution. This non-uniformity 

makes pin-pointing contributions from specific variables extremely difficult and can lead to 

erroneous conclusions being made. Therefore, the development of controlled polymeric 

assemblies which actively and generally target bacteria is of great interest. Furthermore, we wish 
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to explore the scope of antibacterial activity of such treatments, and if 1D particles can prevent the 

formation of resistance.   

 1.6.2 Understand bacteria-nanoparticle interactions 

A critical hinderance to the universal implementation of nanomedicine treatments is the lack of 

understanding of the ultimate fate of the nanoparticle. As previously outlined, antibacterial 

polymer materials have been previously reported in the literature. Several observations have been 

made, with certain cationic groups appearing to have higher antibacterial activity than others, or 

different levels of activity observed against different strains of bacteria. Despite such publications, 

no details of why this occurs have yet to be reported. Therefore, a major goal of this work is to 

identify why we measure differential activity based on the assembly properties, through studies of 

their fundamental interactions with bacteria. This information will inform the design of polymer 

nanomaterials to enhance their potency, hopefully allowing for the next generation of antibacterial 

therapeutics to be developed.  

  1.6.3 Explore the clinical relevance of 1D nanomaterials for cargo delivery 

Many polymeric drug-delivery vehicles have been developed, with several finding moderate 

degrees of success due to their ability to increase the bioavailability of the therapeutic, mostly 

through solubilization. However, these carriers are all spherical in shape and encapsulate the cargo 

within the amorphous core. Therefore, the development of a carrier which offers intrinsic 

advantages in delivery capability may not only increase the solubility of the drug, but also the 

effectiveness of the treatment if more of it is able to reach the target site. Therefore, we wished to 

explore the capacity of 1D nanofibers for therapeutic delivery in tumour models and for 

antibacterial activity, and determine if the 1D shape provides advantageous delivery properties 
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over traditional drug carriers, with the ultimate goal of achieving not only effective delivery, but 

increasing the potency of such treatments. 

 

1.7 Thesis summary and collaborator acknowledgements 

This thesis describes four research projects related to the development of 1D nanofibers, prepared 

via living CDSA, for applications in nanomedicine. The 5 ensuing chapters are as follows: 

§ Chapter 2. Uniform, length-tunable antibacterial diblock copolymer nanofibers  

§ Chapter 3. Mechanism of action and design of antibacterial block copolymer 

nanoparticles 

§ Chapter 4. Uniform block copolymer nanoparticles for the delivery of paclitaxel in 

2D and 3D glioblastoma tumor models 

§ Chapter 5. Extending the scope of antibacterial activity of 1D crystalline-core 

nanofibers for overcoming antibacterial resistance 

§ Chapter 6. Conclusions and future work 

In line with Prof. Ian Manners’ research group policy, this thesis is comprised of self-contained 

chapters, each intended for publication. Each research project involved collaboration, with 

contributions outlined below, as well as expanded upon at the beginning of each chapter. 

Chapter 2. This chapter was reproduced from Polym. Chem. 2022, 13, 2941-2949. Dr. J. D. Garcia-

Hernandez performed the synthesis and self-assembly of PFTMC-b-PEG nanomaterials used in 

this work, as well as provided input on experimental design. Dr. S. T. G. Street performed the 

synthesis and self-assembly of PFTMC-b-PDMAEMA nanomaterials. R. Hof provided input on 

experimental design of the antibacterial assays.  
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Chapter 3. This chapter was reproduced from J. Am. Chem. Soc. 2024, 146 (8), 5128-5141. Dr. S. 

T. G. Street assisted with experimental design and interpretation of results. B. E. Gowan, 

Department of Biology, University of Victoria, performed bacterial sample preparation for TEM 

analysis. L. H Da-Silva-Correa, Department of Civil Engineering in the research group of Dr. 

Heather Buckley, performed SEM microscopy of bacterial samples. R. Hof assisted with training 

in biological techniques and provided useful advice.  

Chapter 4. This chapter was reproduced from Biomater. Sci. 2024, Submitted. This work was 

carried out jointly with L. K Shopperly of the research group of Prof. Stephanie Willerth, 

University of Victoria. 2D cell culture studies were carried out by L. K Shopperly, and 3D cell 

culture studies were performed by L. K Shopperly and M. R. Perez, of Prof. Stephanie Willerth’s 

research group, University of Victoria. 

Chapter 5. This chapter contains unpublished results. Dr. J. D Garcia-Hernandez performed the 

synthesis and self-assembly of PFTMC-b-PEG and PFTMC-b-PNIPAM nanomaterials.  
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2.1 Abstract 
 
The rapid increase in antibiotic resistant strains of bacteria has led to an urgent need to develop 

new methods of treating bacterial infections. Antibacterial polymeric nanoparticles are of interest 

for their more general mechanism of action which involves targeting anionic bacterial membrane 

structures with cationic functional groups. In this work we utilized living crystallization-driven 

self-assembly (CDSA) to prepare low dispersity length-controlled block copolymer (BCP) 

nanofibers that consist of a poly(fluorenetrimethylenecarbonate) (PFTMC) core and a 

poly(dimethylaminoethyl methacrylate) (PDMAEMA) corona. These nanofibers were shown to 

function as effective antibacterial agents against Escherichia coli (E. coli) W3110. Three different 

lengths of PFTMC16-b-PDMAEMA131 nanofibers (Ln = 107 nm, 377 nm, 593 nm) with low length 

dispersities (Đ = 1.04 – 1.14) were investigated. In all three cases the nanofibers were found to 

have improved antibacterial activity over analogous nanospheres, as well as analogous nanofibers 

containing a poly(ethyleneglycol) (PEG) corona. The longest nanofibers (Ln = 593 nm) had the 

highest activity, inhibiting bacterial growth at concentrations as low as 12.5 𝜇g/mL with a 

minimum inhibitory concentration (MIC) of 17 𝜇g/mL. This MIC value falls within the range for 

antibiotics including erythromycin (32 𝜇g/mL) and ampicillin (12.5 𝜇g/mL) against the same strain 

of E. coli.  In contrast to other antibacterial polymer systems which require prior quaternization of 

the PDMAEMA block, PFTMC16-b-PDMAEMA131 nanofibers are protonated in aqueous media 

and display high levels of antibacterial activity. Our findings indicate that the 1-dimensional (1D) 

nanofiber shape allows for improved antibacterial activity relative to nanospheres and highlight 

the role that nanoparticle shape, size, and coronal chemistry play in determining antibacterial 

activity. 
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2.2 Introduction 
 
The over-use of antibiotics has led to the evolution of multiple antibiotic-resistant strains of 

bacteria that are difficult or no longer possible to treat, contributing to an estimated 4.95 million 

deaths in 2019 alone.1,2 Antibiotic resistance has been recognized since the 1930s,3–5 and current 

resistance emerging is partially due to the inherently specific mechanism of action of most 

traditional antibiotics.1,3,6 The more specific a treatment is to a certain bacterial structure, the fewer 

mutations a bacterium needs to accumulate to become resistant, and hence a rapid development of 

resistance is observed over few replicative cycles.5 This has led to an increased emphasis on 

developing more generalized antibacterial treatments.7 Several alternatives have been proposed 

including antimicrobial peptides,8–10 inorganic nanoparticles,11–13 carbon-nanotubes,14–16 

electrospun nanofibers,17–19 polymers,20–22 and polymeric micellar nanoparticles.23–25  

 
Molecularly dissolved polymers or assembled polymer-peptide particles have been used as 

effective antibacterial treatments.8,26,27 Cationic species are important for targeting the anionic 

bacterial cell membrane through electrostatic interactions with structures such as teichoic acids 

and lipopolysaccharides, which localizes the particle to the bacterial membrane.20,28,29 While 

multiple different cationic residues have been employed in polymer antibacterials, 

poly(dimethylaminoethyl methacrylate) (PDMAEMA) remains one of the most widely studied due 

to its ease of synthesis and quaternization.9,27,28 Qiao and coworkers observed that the shape of 

polymer-peptide assemblies can increase antibacterial activity, with star-shaped polymers showing 

improved activity against both gram-negative and gram-positive bacteria in comparison to globular 

antimicrobial peptides.20 The amphiphilic balance along the polymer chain has also been shown 

to be important for enhancing antibacterial activity.26 However, molecularly dissolved polymers 

and polymer-peptide assemblies also suffer from disadvantages such as increased renal clearance 
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due to their small size,30,31 and a lack of control over the final size and shape dispersity due to their 

method of preparation.26,32 These disadvantages exemplify the importance of considering the size, 

shape, and surface chemistry of polymeric alternatives to antibiotics. 

 
Polymeric micellar nanoparticles are of considerable interest as antibacterials as they have the 

potential to be of sufficient size to persist in the body, different accessible shapes, and readily 

modifiable core and surface chemistries.33–35 These nanoparticles can be prepared by synthesizing 

di- or tri-BCPs and performing solution phase self-assembly.36 However, control over nanoparticle 

morphology is often a challenge, and thus nanospheres and vesicles are the most commonly 

accessible.36,37 In particular, 1D nanofibers and two-dimensional (2D) platelets are challenging to 

access as a pure morphology and their dimensions cannot be controlled, resulting in samples that 

are size-disperse.38 Living crystallization-driven self-assembly (CDSA) can overcome these 

limitations, producing low dispersity, morphologically pure 1D nanofiber or 2D platelet 

nanoparticles.38–40 This method employs a BCP that has a crystallizable solvophobic core-forming 

block, and a solvophilic corona-forming block (Figure 2.1).38,41 Upon introduction of a poor 

solvent for the core, the BCP will assemble into structures with low-curvature core-corona 

interfaces such as 1D nanofibers or 2D platelets.38,42 Moreover, living CDSA employs seed 

nanoparticles, generated from sonication, that can undergo further epitaxial growth upon the 

introduction of additional molecularly dissolved BCP (unimer) to yield low dispersity, length-

controlled nanomaterials such as nanofibers (Figure 2.1).41,43–46  



63 
 

 

Figure 2.1 General schematic for CDSA and living CDSA using BCPs with a crystallizable core-

forming block to prepare morphologically pure, low dispersity 1D nanoparticles.  

Previous studies of antibacterial BCP nanoparticles have led to promising results for both 

nanospheres and vesicles.47–50 More recently, Dove, O’Reilly, and coworkers  employed CDSA to 

assemble diamond platelets composed of poly(L-lactide)-block-poly(dimethylaminoethyl 

methacrylate) (PLLA-b-PDMAEMA).25 A difference in antibacterial activity was observed 

between nanospheres and 2D platelets, with small platelets performing better than nanospheres 

and large platelets.25 Quaternization of the PDMAEMA corona was also shown to impact the 

antibacterial properties, with platelets alkylated with longer dodecyl groups resulting in superior 

bacterial growth inhibition of gram-negative bacteria in comparison to the analogous methylated 

platelets and nanospheres.25  

 
With size and shape having a critical effect on antibacterial activity,25,49,51 we set out to investigate 

if length-controlled 1D nanofibers produced via living CDSA could exhibit enhanced and size-

dependent antibacterial properties relative to other nanoparticle compositions. Previous studies 

have implied that lower surface-area contact points such as those found in 1D materials require 

less force to penetrate a membrane.52 This could prove important to the enhancement of the 

antibacterial properties of a material.52 The larger surface area to volume ratio of 1D assemblies 

would be expected to increase the relative charge per particle that would be experienced by the 

bacterium, thus potentially increasing activity.27 Varying the length of the nanofiber provides 
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another size-based parameter for optimizing antibacterial activity. Finally, 1D materials have also 

been reported to have advantages over other morphologies in vivo, for example, they are known to 

persist longer in the body due to both increased circulation times, and reduced renal clearance and 

macrophage uptake.53–55 

 
Studies of the antibacterial properties of 1D BCP nanofibers are rare but show promising results 

for length-disperse samples of peptide-based b-sheet forming materials and also silver-loaded 

systems with a crystalline polylactic acid core and a sugar-based corona prepared by CDSA.56,57 

Furthermore, immediately prior to the submission of the present article an interesting report was 

published on the promising antibacterial properties of uniform triBCP nanofibers with a crystalline 

polycaprolactone (PCL) core and a poly(t-butylamino)ethylmethacrylate corona.58 Herein, we 

have explored the antibacterial activity of low length dispersity samples of nanofibers prepared 

from diBCPs with a crystallizable poly(fluorenetrimethylenecarbonate) (PFTMC) core-forming 

block and either a PDMAEMA or poly(ethylene glycol) (PEG) corona-forming block. These BCPs 

were used to prepare length-controlled nanofibers over the range ca. 100 – 600 nm via living 

CDSA (Figure 2.2). The PFTMC block was selected as recent studies have shown it is capable of 

undergoing CDSA in a robust fashion, easily forming length-controlled nanofibers with a 

crystalline-core via living CDSA.59–62 It has also been shown to be noncytotoxic and degradable 

under conditions relevant to human physiology.59,62,63 PDMAEMA was selected as a corona-

forming block as it has been shown to exhibit antibacterial activity in both polymer and 

nanoparticle systems.21,25 PDMAEMA homopolymer was also studied to investigate the difference 

between nanofibers and molecularly dissolved polymer on antibacterial activity. PEG was selected 

as a second corona-forming block to yield morphologically pure PFTMC18-b-PEG530 nanofibers 
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as a negative control system. PEG is known to be well-tolerated in vivo and is considered a 

“stealth” polymer that should interact minimally with cells.64 

 

Figure 2.2. Structures of the diBCPs used to form the length-controlled nanofibers studied in this 

work. 

2.3 Results 

2.3.1 Design, synthesis, and living CDSA of nanofibers and nanospheres 

PFTMC16-b-PDMAEMA131 was prepared through a combination of ring-opening polymerization 

(ROP) and reversible addition-fragmentation chain-transfer (RAFT) polymerization as previously 

reported.62 PFTMC18-b-PEG530 was prepared via ROP as previously described.59,60,65 Each 

polymer was characterized by 1H NMR, GPC and, in selected cases, MALDI-TOF mass 

spectrometry. Degrees of polymerization (DPn) were determined by MALDI MS for the PFTMC 

homopolymers, and by relative 1H NMR integration of the corona-forming block to the PFTMC 

block for the diBCPs. Characterization data can be found in Table S2.1.60,62,65 Two BCPs were 

studied: PFTMC16-b-PDMAEMA131 and PFTMC18-b-PEG530 (Mn = 24,900 g/mol and 27,900 

g/mol respectively, as determined by NMR DPn’s; ĐM = 1.55, 1.14 respectively, as determined by 

GPC, Figure 2.2). The relatively high ĐM for the aminomethacylate diBCP is attributed to 
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interactions with the GPC column.60 Both PFTMC-based diBCPS have been shown previously to 

form colloidally-stable nanofibers in aqueous media via the living CDSA method although the use 

of a buffer is recommended for long-term storage of the PDMAEMA materials.59,62,65  

 
Nanofibers were prepared from both PFTMC16-b-PDMAEMA131 and PFTMC18-b-PEG530 via 

living CDSA from the corresponding compositionally identical seeds according to procedures 

outlined in the supporting information (Figure 2.3, Figure S2.1, Table S2.2).59,60,62,65 Briefly, each 

BCP was dissolved in THF to form a unimer solution. The unimer solution was then slowly 

introduced via a pipette to a poor solvent for the PFTMC core-forming block (MeOH), which 

afforded morphologically pure length-disperse nanofibers. These were then sonicated for 3 h 

between 0 °C and 10 °C to yield seeds (Ln = 28 nm, Đ = 1.20 for PFTMC16-b-PDMAEMA131, Ln 

= 24 nm, Đ = 1.12 for PFTMC18-b-PEG530), which were then able to grow upon addition of further 

unimer to a final length that was directly dependent on the amount of unimer added (Figure 2.3A). 

The fibers were subsequently transferred from the THF:MeOH self-assembly solvent mixture into 

water, either via dialysis for nanofibers of PFTMC16-b-PDMAEMA131 or via the preformed 

nanoparticle solvent-switch loading (PNSL)60 system for PFTMC18-b-PEG530 nanofibers. Three 

samples of nanofibers with different lengths and consistent widths (Wn = 13 nm, ĐW = 1.03)62 

derived from PFTMC16-b-PDMAEMA131 were prepared: Ln = 107 nm, 377 nm, and 593 nm (Đ = 

1.10, 1.04, 1.14 respectively) (Figure 2.3A-C).62 A small amount of fragmentation was detected 

only in the case of the longest PFTMC16-b-PDMAEMA131 nanofibers on transfer to water, where 

the length dispersity increased to 1.14 from 1.05. Together, these 3 samples allowed for an 

assessment of how antibacterial activity is affected by nanofiber length. PFTMC16-b-

PDMAEMA131 nanospheres (Rh = 65 nm by dynamic light scattering (DLS), diameter = 15 nm, Đ 

= 1.05, as determined by TEM) with an amorphous PFTMC core were prepared via dialysis from 
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THF into water, in order to investigate the effect of morphology on antibacterial activity (Figure 

2.3D).59,62 The PDMAEMA corona was protonated in water, as anticipated. The ζ-potential in 5 

mM NaCl was least positive for PFTMC16-b-PDMAEMA131 nanospheres (ζ = +7.4 ± 0.2 mv) and 

the cationic charge increased with increasing nanofiber length (ζ = +13.4 ± 0.7 mv, +15.7 ± 0.4 

mv, +16.1 ± 0.2 mv) (Table S2.2). PFTMC18-b-PEG530 nanofibers (Ln = 114 nm, Đ = 1.06) were 

prepared via living CDSA as described above in order to assess the effect of the corona-forming 

block on antibacterial activity (Figure 2.3E).65  

 
 

Figure 2.3. TEM micrographs of the PFTMC-based diBCP nanoparticles used in this work. All 

samples were stained using a 3 wt % uranyl acetate solution in EtOH (A-C) Low dispersity 

PFTMC16-b-PDMAEMA131 nanofibers prepared via the living CDSA method after transfer into 

water (A) Ln = 107 nm, Đ = 1.10, σ = 34 nm; (B) Ln = 377 nm, Đ = 1.04, σ = 78 nm; (C) 

Ln = 593 nm, Đ = 1.14, σ = 222 nm). (D) PFTMC16-b-PDMAEMA131 nanospheres (Rh = 65 nm, 

Đ = 1.05). (E) Low dispersity PFTMC18-b-PEG530 nanofibers (Ln = 114 nm, Đ = 1.06, σ = 28 nm). 
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2.3.2 Antibacterial Assays 
 
Kinetic growth assays were performed in order to evaluate the antibacterial activity of each 

nanoparticle sample. The common laboratory strain E. coli W3110 was chosen as a non-

pathogenic, gram-negative model organism as its growth is robust at 37 °C under aerobic and 

anaerobic conditions. Liquid cultures were diluted to a common Ultraviolet-Visible (UV-Vis) 

absorbance at 600 nm and were incubated at 37 °C (physiological temperature) with a solution of 

nanofibers in 2-(4-(2-hydroxyethyl)piperazin-1-yl)ethanesulfonic acid (HEPES) buffer (pH = 7.4) 

at concentrations from 100 µg/mL – 0 μg/mL. UV-Vis absorbance measurements (at 600 nm) were 

taken 40 minutes apart over a period of 240 minutes.  

2.3.4 Bacterial growth inhibition 
 
E. coli that was incubated in the absence of nanofibers habitually grew to yield an absorbance 

between 0.4 – 0.8 at 600 nm (Figure 2.4A-F, black trace). For each of the three PFTMC16-b-

PDMAEMA131 nanofiber samples there was initial rise in absorbance followed by a drop off and 

subsequent plateau of bacterial growth at 100 μg/mL (Figure 2.4A-C, pink trace). Nanofibers of 

Ln = 107 nm (Đ = 1.10) caused a plateau of bacterial growth at concentrations in excess of 

50 μg/mL with no significant effects noted below this threshold (Figure 2.4A). In contrast, 377 nm 

nanofibers (Đ = 1.04) showed no significant inhibition of bacterial growth at concentrations below 

100 μg/mL (Figure 2.4B) with a large variance in growth observed at 50 μg/mL. 593 nm nanofibers 

(Đ = 1.14) inhibited growth at concentrations in excess of 12.5 μg/mL (Figure 2.4C). Interestingly, 

PFTMC16-b-PDMAEMA131 nanospheres (Đ = 1.05) showed no significant inhibition of bacterial 

growth at or below 100 μg/mL (Figure 2.4D). Similarly, 114 nm PFTMC18-b-PEG530 nanofibers 

(Đ = 1.06) also showed no noteworthy inhibition of bacterial growth at or below 100 μg/mL 
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(Figure 2.4E). Finally, PDMAEMA91 was found to inhibit bacterial growth at 100 μg/mL but not 

at any lower concentration value (Figure 2.4F).  

 

Figure 2.4. Kinetic growth data obtained by measuring the OD600 from t = 0 mins to t = 240 mins 

at 37 °C of E. coli W3110 exposed to (A-C) PFTMC16-b-PDMAEMA131 nanofibers (Ln = 107 nm, 

377 nm, and 593 nm; Đ = 1.10, 1.04, 1.14 respectively) from 100 μg/mL to 0 μg/mL, (D) 

PFTMC16-b-PDMAEMA131 nanospheres (Rh = 65 nm, Đ = 1.05) from 100 μg/mL to 0 μg/mL (E) 

PFTMC18-b-PEG530 nanofibers (Ln = 114 nm, Đ = 1.06) from 100 μg/mL to 0 μg/mL, and (F) 
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PDMAEMA91 homopolymer from 100 μg/mL to 0 μg/mL. Error bars represent the 95% 

confidence interval (C.I.) across all trials. Control samples showed variable growth between trials 

but were deemed sufficient if the maximum absorbance reached a value of 0.4 or above. The 

growth and representative absorbance are most likely limited by the volume of the 96 well-plate 

and the amount of nutrients available. 

2.3.5 Minimum inhibitory concentration determinations 
 
Minimum inhibitory concentrations (MICs) were determined by the Lambert and Pearson method 

using GraphPad Prism software (Figure S2.2).66 Each experiment was performed in triplicate and 

repeated on a minimum of three separate occasions. The 107 nm PFTMC16-b-PDMAEMA131 

nanofibers were found to have an MIC of 55 μg/mL (Figure S2.2A) whereas the value for the 377 

nm analogues was approximately 103 μg/mL (Figure S2.2B). The longer 593 nm PFTMC16-b-

PDMAEMA131 nanofibers possessed the lowest MIC of 17 μg/mL (Figure S2.2C), indicating the 

highest antibacterial activity. In contrast, the PFTMC16-b-PDMAEMA131 nanospheres, PFTMC18-

b-PEG530 nanofibers, and PDMAEMA91 homopolymer were all found to exhibit MICs in excess 

of 100 μg/mL (Figure S2.2D-F). 

 
2.4 Discussion 

2.4.1 Effect of nanoparticle shape on antibacterial activity 

It has been shown that the shape of polymeric and nanoparticle systems is an important factor for 

mediating antibacterial activity.20,25,57,67 With this in mind, we aimed to examine how 1D 

nanofibers compared to nanospheres and individual polymers in terms of inhibiting bacterial 

growth. We found that PFTMC16-b-PDMAEMA131 nanofibers exhibited improved antibacterial 

activity compared to PFTMC16-b-PDMAEMA131 nanospheres at all lengths examined (ca. 100 – 
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600 nm). The activity of the 107 nm nanofibers and the 593 nm nanofibers against gram-negative 

bacteria was also greater than that for the previously reported quaternized PLLA-b-PDMAEMA 

platelets and spheres, although different strains were used in each work.25 The MIC of the 593 nm 

fibers (17 μg/mL) also falls within the range of MICs for commonly used antibiotics against E. 

coli W3110 (e.g. ampicillin = 12.5 μg/mL, erythromycin = 32 μg/mL), and some previously 

reported polymer systems against different strains E.coli.20,68,69 In contrast to previous work, the 

PFTMC16-b-PDMAEMA131 nanofibers used here contain unquaternized PDMAEMA, eliminating 

the need for an extra synthetic step to alkylate the PDMAEMA corona. Comparison of these 

findings to previous studies on unquaternized PDMAEMA-based polymers and nanospheres 

indicates that the 1D morphology of the nanoparticle helps mediate antibacterial activity to a 

greater extent than other shapes.51,70,71 The dependence of antibacterial activity on shape exhibited 

here is analogous to the relationship previously identified between star-shaped polymers and 

globular antimicrobial peptides, where the star-shape of the former system improved the 

antibacterial activity.20 A comparison of the PFTMC16-b-PDMAEMA131 nanofiber activity to that 

of the PDMAEMA91 homopolymer indicates that it is not only the coronal toxicity that is 

important; clearly, the 1D shape imparts significant advantages in mediating antibacterial activity. 

2.4.2 Effect of nanoparticle length on antibacterial activity 
 
To further elucidate the dependency of antibacterial activity on nanoparticle size and shape, we 

prepared PFTMC16-b-PDMAEMA131 nanofibers of three different lengths, ranging from 

approximately 100 nm to 600 nm. The 593 nm fibers outperformed all other nanoparticle systems 

tested (Figure 2.5A). It has been previously proposed that the closer the match in nanoparticle size 

to bacterial size, the higher the antibacterial efficiency.25 While this trend was not explicitly 

followed in our findings, the longer 593 nm nanofibers did have the closest match in size to that 
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of the bacteria (~ 1.5 μm in length).25 The 107 nm nanofibers showed higher activity than the 377 

nm nanofibers (Figure 2.5B), indicating that longer 1D nanoparticles are not always more active, 

a result that was also observed in the very recently reported PCL-based triBCP system.58 This 

could be due to the variability in bacterial growth for the 377 nm fibres around 50 μg/mL, which 

may be the effective concentration for this material. This refers to a specific concentration that 

corresponds to halfway between the minimum and maximum response. As this is located on the 

exponential part of the curve even slight variations in concentration could have a large impact on 

the observed growth leading to large potential errors. The difference in antibacterial performance 

may also suggest different mechanisms of action are present. A recent article by Feng and 

coworkers suggests that longer fibers undergo partial cellular internalization whereas shorter fibers 

do not.72 Therefore, the longer nanofibers may affect bacterial growth in a different manner to the 

shorter examples, with intermediate length nanofibers being less amenable to both of these 

mechanisms.72 The shorter 107 nm nanofibers may have an advantage due to their smaller size. A 

computational study performed by Yang and Ma showed that smaller nanoparticles require less 

force to penetrate a membrane.52 This characteristic may explain the increased activity of the 107 

nm nanofibers relative to the 377 nm nanofibers.  In summary, the 593 nm nanofibers were 

observed to have the lowest MIC, showcasing that nanoparticle length has a key role in mediating 

antibacterial activity.  
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Figure 2.5. Relative comparisons of the antibacterial activity of the three samples of PFTMC16-b-

PDMAEMA131 nanofibers studied against E. coli. W3110 (A) Overlayed MIC curves for each 

length tested (Ln = 107 nm, 377 nm, 593 nm; Đ = 1.10, 1.04, 1.14 respectively). (B) The determined 

MIC values for each nanofiber length with representative error bars (95 % C.I) across three trials. 

*Error bars cannot be shown for Ln = 377 nm due to the variability in readings at 50 μg/mL, 

therefore, we report the value to be ≥ 100 μg/mL.  

2.4.3 Effect of nanoparticle corona on antibacterial activity 
 
Finally, this work demonstrates that the nanofiber corona plays a significant role in mediating 

antibacterial activity. While all of the PDMAEMA-containing nanofibers displayed antibacterial 

activity to some extent, the PEG-containing nanofibers did not. This is likely because PEG is a 

hydrophilic, biologically compatible, neutral polymer.64 On the other hand, protonated 

PDMAEMA has a pKa of around 7.5, implying that at physiological pH the terminal amine is at 

least partially protonated.70 This partial positive charge is reflected in the recorded ζ-potential of 

each nanofiber sample (Table S2.2). As nanofiber length increases, so does the zeta potential. This 

finding confirms that PDMAEMA is an effective antibacterial agent, and suggests that a cationic 

corona is crucial for mediating antibacterial activity, presumably through association with the 
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bacterial membrane. It also facilitates the future development of improved antibacterial polymer 

nanofibers through tuning the cationic, hydrophobic balance of the nanofiber corona.  

2.5 Conclusion 

In this work we have reported a comparative study of the antibacterial activity of samples of 

uniform, length-controlled PFTMC16-b-PDMAEMA131 nanofibers (Ln = ca. 100 – 600 nm) as well 

as 15 nm PFTMC16-b-PDMAEMA131 nanospheres, 114 nm PFTMC18-b-PEG530 nanofibers and 

PDMAEMA91 homopolymer against E. coli W3110. Whilst all three samples of PFTMC16-b-

PDMAEMA131 nanofibers exhibited antibacterial activity, the longest nanofibers tested (Ln = 593 

nm, Đ = 1.14) were the most potent, with an MIC of 17 μg/mL. The shortest nanofibers tested (Ln 

= 107 nm, Đ = 1.10) were the second most potent with an MIC of 55 μg/mL. The other samples 

tested, 377 nm PFTMC16-b-PDMAEMA131 nanofibers (Đ = 1.04), 15 nm nanospheres (Đ = 1.05), 

PDMAEMA91, and 114 nm PFTMC18-b-PEG530 (Đ = 1.06) all displayed lower antibacterial 

activity with MIC values in excess of 100 μg/mL. The high antibacterial activity observed for the 

unquaternized 593 nm PFTMC16-b-PDMAEMA131 nanofibers (MIC = 17 μg/mL) implies that the 

1D nanofiber shape and specific length can enhance antibacterial activity.  

 
Our results show interesting similarities and differences to those from the aforementioned recent 

study of the antibacterial properties of triBCP nanofibers with a PCL core.58 In the latter case the 

pKa of the protonated t-butylamino-functionalized corona was higher (9.12 vs 7.5 for PDMAEMA) 

and a higher cationic charge on the nanofibers in aqueous media would be anticipated. As with our 

study, the MIC value associated with the PCL-based nanofibers versus E. Coli strains was also 

found to be length dependent, with lengths ca. 750 nm having the lowest reported MICs (62.5 - 

125 μg/mL) compared to shorter and longer examples, and also to analogous spherical micelles. 

In contrast, our results show that it is possible to employ a diBCP rather than a triBCP to afford 
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length controlled antibacterial nanofibers. In our studies, the cationic charge increased with 

increasing fiber length (a trend not followed by the PCL-based nanofibers), which may be due to 

the differing pKas of the coronas. Interestingly, the lower overall positive charge found for the 

PDMAEMA corona-containing nanofibers may be advantageous in targeting the anionic bacterial 

cell membrane as it may hinder aggregation of the nanofibers and thereby increase antibacterial 

activity.  

 
Investigations into the mechanism of action and antibacterial resistance will be conducted in order 

to better understand how these materials act upon the bacterial membrane. Future work will also 

focus on loading60 uniform length-controlled nanofibers with antimicrobial reagents which should 

further potential applications in surface treatment and composites.  These studies should provide 

insight into how to further design materials for enhanced antibacterial activity.  

 

2.6 Supporting Information 

2.6.1 Supplementary Materials and Methods 

General considerations 

Methoxy-PEG530 homopolymer was purchased from Polymer Source and used without 

purification, after drying via vacuum desiccation over phosphorous pentoxide. The synthesis and 

characterization of PFTMC16-b-PDMAEMA131 has been previously reported by Street et al.,62 and 

the synthesis and characterization of PFTMC18-b-PEG530 has been reported by Garcia-Hernandez 

et al.60,65 PFTMC Homopolymer degrees of polymerization (DPn) were determined by matrix-

assisted laser desorption/ionization (MALDI) mass spectrometry and block-copolymer DPn were 

determined by integrations of coronal block peaks in 1H NMR relative to peaks of the PFTMC 

block. RAFT-CTA was dried via vacuum desiccation over phosphorus pentoxide prior to use. All 

other reagents and solvents were purchased from Sigma-Aldrich (Canada), Combi-Blocks (USA), 

VWR (Canada), or Fisher Scientific (Canada) and used without further purification. Solvents for 
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self-assembly were HPLC grade and were filtered through polytetrafluorethylene (PTFE) or nylon 

filters with a pore size of 200 nm before use. 

2.6.2 Instrumentation 

Gel permeation chromatography (GPC) 

Gel permeation chromatograms were acquired on a Malvern OMNISEC triple-detector (refractive 

index, UV-Vis photodiode detector, light scattering detector and viscometer) chromatograph. 

Prepared samples were of 1 mg/mL concentration in HPLC grade THF, and were filtered through 

a PTFE filter with a 200 nm pore size prior to measurement. The eluent used was 

triethylamine/THF (1 % v/v) at a flow rate of 1 mL/min. Two columns were employed, the first of 

grade T3000 and the second of grade T5000, operated at 35 °C. Universal calibration was 

constructed using a polystyrene standard.  

Ultrasonication 

Micelle sonication was carried out using either a Fisherbrand 112xx series advanced ultrasonic 

cleaner (FB-11203), operated in sweep mode at 80 % power and 37 MHz at 15 °C, or using a 

Hielschur UP100H sonication probe (100 W total output power) at 80% power. 

Transmission electron microscopy (TEM) 

TEM images were obtained on a JEOL 1011 microscope equipped with an 11 megapixel CCD 

camera, operated at 80 kV. Nanoparticle solutions (3.5 µL, 1 – 4 mg/mL) were drop-casted onto a 

carbon-coated copper grid. Uranyl acetate solution (8 µL) in EtOH (3 wt %) was subsequently 

drop-casted on top, and the grids were left to dry overnight. Copper grids (400 mesh) were 

purchased from Ted Pella. Carbon films (ca. 6 nm) were prepared by carbon sputtering mica sheets 

with a Leica ACE 600 carbon coater. The carbon films were deposited onto copper grids via 

floatation on water and the grids were allowed air dry. 

For micelle length analysis, a minimum of 200 nanofibers were traced manually using the FIJI 

software package. The number average micelle length (Ln) or width (Wn) and weight average 

micelle length (Lw) were calculated using eq. S1-2 from the individual contour lengths (Li) of the 

micelles. Here, Ni is the number of micelles of length Li, and n is the number of micelles examined 

in each sample. The distribution of micelle lengths is characterized by Đ = Lw/Ln. 

                                        𝐿! =
∑ #!$!"
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!#$

              𝐿& =
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Dynamic Light Scattering (DLS) and ζ-Potential Measurements 

Dynamic light scattering (DLS) and ζ-potential experiments were carried out using a Malvern 

Zetasizer Pro. Aqueous sample of nanofibers (100 ug/mL, 700 uL, 25 °C) were prepared in 5 mM 

NaCl and added into a folded capillary cell (DTS1070 type). For DLS, the correlation function 

was acquired in real time and analysed by Cumulant analysis. This process allowed the diffusion 

coefficients for the nanoparticles to be determined, and these were expressed as the effective 

hydrodynamic radius (Rh) using the Stokes-Einstein relationship for coated spheres in water 

(Refractive Index = 1.33, Dispersant Viscosity = 0.887, Dispersant Dielectric Constant = 78.5) 

with core properties of polystyrene latex (Refractive Index = 1.590, Absorption = 0.010). For 

ζ-potential measurements, the Smoluchowski approximation was used. A minimum of five 

measurements per sample were taken, consisting of between 10 and 100 cycles per run. The 

average ζ-potential was calculated from the individual measurements taken, with error represented 

as σ. 

2.6.2 Self-Assembly Procedures 

The composition of all solvent mixtures is given as v:v. Low dispersity nanofibers and nanospheres 

of PFTMC16-b-PDMAEMA131 were prepared by the procedures outlined below, which are based 

on those developed by Street et. al.,62 while low dispersity nanofibers of PFTMC18-b-PEG530 were 

prepared according to the procedure by Garcia-Hernandez et. al.60,65 All nanofibers were ultimately 

transferred into distilled water via dialysis or the preformed-nanoparticle solvent-switch loading 

(PNSL) method as reported by Garcia-Hernandez et. al.60  

General self-nucleation procedure 

A solution of diBCP dissolved in THF (unimer) (20 mg/mL – 200 mg/mL) was diluted with an 

appropriate amount of THF. Subsequently, unimer solution was slowly added via a micropipette 

into a selective solvent (MeOH) to yield solutions which had final diBCP concentrations between 

1 mg/mL – 10 mg/mL with 10:90 THF:MeOH solvent ratios. Each solution was manually shaken 

for ~10 s, agitated using a vortex mixer for ~10 s, and left to age at 22 °C for 24 h for PFTMC-b-

PDMAEMA131 or heated to 70 °C for 3 h for PFTMC18-b-PEG530. The resulting length-disperse 

nanofibers were analyzed via TEM. 

General preparation of seed nanofibers 

Length disperse nanofibers (1 mg/mL – 10 mg/mL, 10:90 THF:MeOH) were sonicated for at least 

3 h using a Hielschur UP100H sonication probe at a temperature between 0 °C and 22 °C or using 
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a Fisherbrand 112xx series advanced ultrasonic cleaner (FB-11203) for 3 h at 10 °C in sweep mode 

at 37 mHz and 80 % power.  The resulting seed nanofibers were analyzed by TEM. 

General procedure for the preparation of low dispersity, controlled length nanofibers via 

seeded growth (living CDSA) 

For seeded growth assemblies with munimer/mseed ≤ 10: aliquots of unimer (20 mg/mL in THF) were 

added to diluted identical composition seed nanofiber solutions (0.1 mg/mL – 1 mg/mL) in MeOH. 

The self-assembly solutions (THF content: 10 – 20% in MeOH) were manually shaken for ~15 s 

and aged for 24 h at 22 °C. 

For seeded growth assemblies with munimer/mseed >10: aliquots of unimer (20 mg/mL) were added 

in intervals of 10 munimer/mseed every 24 h. The self-assembly solutions were manually shaken for 

~15 s and aged for 24 h at 22 °C. 

General procedure for the preparation of nanospheres 

Nanospheres of PFTMC16-b-PDMAEMA131 were prepared via dialysis of a unimer solution of 

BCP in THF into deionized water over 24 h. Dialysis membranes were purchased from Sigma 

Aldrich with a molecular weight cutoff of 12,000 – 14,000 Da. Dialysis clips were purchased from 

Spectrum Chemical. The dialysate was exchanged a minimum of three times, ensuring that all of 

the organic solvent had been removed. The resulting nanospheres were left overnight and analyzed 

via TEM. 

2.6.3 Antibacterial assays 

All bacteria work was performed in a biological safety cabinet (BSC) using sterile technique. All 

materials were autoclaved and disinfected with 70 % ethanol prior to being placed in the BSC. 

Clear, sterile, 96-well plates were purchased from Corning. Lysogeny broth (LB) was used for 

streak plates and liquid culturing. Escherichia coli (E. coli) W3110 was used for all experiments. 

The buffer was prepared by weighing out (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 

(HEPES) into a glass bottle, filling with distilled water, autoclaving, and balancing to pH 7.4. 

Kinetic growth curves were fitted using GraphPad Prism and the logistic growth model. Minimum 

inhibitory concentration curves were fitted using GraphPad Prism and the Lambert and Pearson 

method.66 All bacterial experiments were repeated in triplicate on a minimum of three separate 

occasions, and the results were combined for analysis. 
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Preparation of bacteria for assays 

From a stock solution of E. coli W3110 that was kept at -80 °C, a single loop was used to make a 

streak plate (LB agar). This was repeated. These plates were placed in an incubator at 37 °C for 

24 h. From these two initial streak plates, a second propagation was performed. A disposable loop 

was used to select one colony from each, and streaked onto another plate, respectively. The new 

plates were incubated at 37 °C for 24 h. Subsequently, they were moved into a 4 °C fridge. To 

grow a liquid culture, a single colony was selected from a plate using a disposable loop. This was 

placed in 5 mL of LB broth contained in a 15 mL Falcon tube. The loop was swirled in the broth 

until the colony was visibly deposited in the broth. The falcon tube was placed in an incubator at 

37 °C with orbital shaking at 200 rpm. The culture was allowed to grow for 24 h. From the initial 

culture, 25 µL of solution was taken and added to a second 15 mL falcon tube containing 5 mL of 

LB broth. This new culture was placed in an incubator at 37 °C with orbital shaking at 200 rpm 

for 24 h. 

Plating of bacteria and nanofibers for kinetic growth assays 

Liquid bacterial cultures were diluted in LB to a maximum volume of 3 mL and to an absorbance 

of 0.600 using an OD meter and a polystyrene cuvette. Once the appropriate dilutions were 

determined, they were performed on a larger scale to give at least 5 mL of E. coli and LB in a 

sterile reservoir. 10 mL of 40 mM HEPES buffer was added to a separate sterile reservoir. Using 

a multichannel pipette, 50 µL of buffer was added to each well, excluding the third column. The 

first row (A1-12) and the last row (H1-12) were topped up to 100 µL of buffer to be used as blanks 

and to prevent evaporation. The first column was also used as a buffer blank. To three wells in the 

third column (B3, C3, D3) 20 µL of 1 mg/mL material to be tested was added, and 20 µL of 1 

mg/mL of a second material to be tested was added to the next three (E3, F3, G3). Each of these 

wells was then diluted with 80 µL of buffer solution. From the third column, 50 µL was taken from 

each well using a multichannel pipette and placed into the next column in order to dilute the 

material in half. This was repeated until the full plate was diluted. Each time, the material was 

pipetted up and down three times to ensure proper mixing. Subsequently, 50 µL of HEPES buffer 

was added to the second column (B-G2). Diluted E. coli in LB (50 µL) was added into each well, 

including the second column as a control (HEPES, broth, and bacteria). Therefore, the final volume 

in each well was 100 µL.  
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Cytation 5 plate reading for kinetic assays 

Absorbance measurements (100 µL of sample) were obtained with the Biotek Cytation 5 

multimode plate reader and were conducted at 37 °C in a Corning 96-well plate (clear plates, with 

the lid). The samples were excited at 600 nm and the absorbance values were recorded. Two 

readings were taken, 10 minutes apart. The reading at 10 minutes was used over the reading at 0 

minutes as the blanks were consistent at this time point. After the 10-minute reading, the 96-well 

plate was placed back in an incubator at 37 °C with orbital shaking at 200 rpm. 

2.6.4 Supplementary Tables 

Table S2.1. Summary of molar mass data for PDMAEMA91-CTA, PFTMC16-b-PDMAEMA131, 

and PFTMC18-b-PEG530 polymers.60,62 Data for PFTMC18-b-PEG530 is reproduced with permission 

from the American Chemical Society.60 

Polymer 

Mn 

(g/mol) 

GPC 

Mw 

(g/mol) 

GPC 

ĐM 

GPC 

DPn 

NMR 

Mn 

(g/mol) 

NMR 

DPn    

MALDI-

TOF 

PDMAEMAo 49,500 59,400 1.20 o = 91 14,710 - 

PFTMCm-b-

PDMAEMAq 
9,700 15,000 1.55 

m = 20 

q = 131 
24,881 m = 16 

PFTMCn-b-PEGs 26,600 30,300 1.14 
n = 18 

s = 530 
27,921 n = 18 
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Table S2.2. Hydrodynamic radius (Rh) and ζ-potential of PFTMC16-b-PDMAEMA131 nanofibers 

of different lengths, and nanospheres, recorded in 5 mM NaCl.  

Morphology 

Length in 
THF/MeOH 

(nm) 

via TEM 

Length in 
Water 

(nm) via 
TEM 

Diameter 
in Water 
(nm) via 

TEM 

Lw/Ln 
in 

Water 
via 

TEM 

Rh in 5 
mM NaCl 
(nm) via 

DLS 

ζ-potential 
in 5 mM 

NaCl (mv) 

Nanofiber 112 ± 35 

 

107 ± 34 

 

- 1.10 

 

39 ± 0.6 

 

 

+13.4 ± 0.7 

 

Nanofiber 351 ± 69 

 

377 ± 78 

 

- 1.04 

 

59.5 ± 0.8 

 

 

+15.7 ± 0.4 

 

Nanofiber 701 ± 153 593 ± 222 - 1.14 77.5 ± 1.5 +16.1 ± 0.2 

Nanosphere - - 15 ± 3 1.05 65 ± 0.85 +7.4 ± 0.2 
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2.6.5 Supplementary Figures 

 

Figure S2.1. TEM micrographs of PFTMC16-b-PDMAEMA131 nanofibers. All samples were 

stained using a 3 wt % uranyl acetate solution in EtOH. Figures are colour coded where red 

represents the sample in organic solvents and yellow represents the sample after transfer into water 

for both the TEM micrographs and the corresponding histograms. (A) i) Seed nanoparticles after 

sonication using a Hielschur UP100H sonication probe (100W total output power) at 80% power 

(Ln = 28 nm, Đ = 1.20) in THF:MeOH (9:1) and ii) after dialysis into water (Ln = 27 nm, Đ = 1.12). 

C 
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iii) Representative histogram of seed dispersity as measured in organic solvents (red) and water 

(yellow). (B) i) Length controlled PFTMC16-b-PDMAEMA131 nanofibers (Ln = 112 nm, Đ = 1.09) 

in THF:MeOH and ii) after dialysis into water (Ln = 107 nm, Đ = 1.10) iii) Representative 

histogram of the nanofiber sample dispersity. (C) i) PFTMC16-b-PDMAEMA131 nanofibers (Ln = 

351 nm, Đ = 1.04) in THF:MeOH and ii) after transfer into water (Ln = 377 nm, Đ = 1.04) iii) 

Representative histogram of the sample dispersity. (D) i) PFTMC16-b-PDMAEMA131 nanofibers 

(Ln = 701 nm, Đ = 1.05) in THF:MeOH and ii)  after transfer into water (Ln = 593 nm, Đ = 1.14). 

iii) Representative histogram of sample dispersity before and after dialysis. A small population of 

nanofibers centred around 200 nm was observed after dialysis due to small amounts of 

fragmentation occurring.  
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Figure S2.2. MIC curves as determined by the Lambert Pearson method using GraphPad Prism of 

nanofibers and materials tested against E. coli W3110. (A) Varying concentrations of PFTMC16-

b-PDMAEMA131 nanofibers of Ln = 107 nm fibers (Đ = 1.10) (B) Ln = 377 nm fibers (Đ = 1.04) 

(C) Ln = 593 nm fibers (Đ = 1.14) (D) PFTMC16-b-PDMAEMA131 nanospheres of RH = 130 nm (Đ 

= 1.05) (E) PFTMC18-b-PEG530 nanofibers of Ln = 114 nm (Đ = 1.06) (F) PDMAEMA91 

homopolymer 
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Mechanism of Action and Design of Potent Antibacterial Block 

Copolymer Nanoparticles   
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3.1 Abstract 

Self-assembled polymer nanoparticles are promising antibacterials, with non-spherical 

morphologies of particular interest as recent work has demonstrated enhanced antibacterial activity 

relative to spherical counterparts. However, the reasons for this enhancement are currently unclear. 

We have performed a multifaceted analysis of the antibacterial mechanism of action of 1D 

nanofibers relative to nanospheres by the use of flow cytometry, high-resolution microscopy, and 

evaluations of the antibacterial activity of pristine and tetracycline-loaded nanoparticles. Low 

length dispersity, fluorescent diblock copolymer nanofibers with a crystalline 

poly(fluorenetrimethylenecarbonate) (PFTMC) core (length = 104 nm and 472 nm, height = 7 nm, 

width = 10 – 13 nm) and a partially protonated poly(dimethylaminoethylmethacrylate) 

(PDMAEMA) corona (length = 12 nm) were prepared via seeded growth living crystallization-

driven self-assembly. Their behavior was compared to that of analogous nanospheres containing 

an amorphous PFTMC core (diameter = 12 nm). While all nanoparticles were uptaken into 

Escherichia coli W3110, crystalline-core nanofibers were observed to cause significant bacterial 

damage. Drug loading studies indicated that while all nanoparticle antibacterial activity was 

enhanced in combination with tetracycline, the enhancement was especially prominent when small 

nanoparticles (ca. 15 – 25 nm) were employed. Therefore, the identified differences in the 

mechanism of action and the demonstrated consequences for nanoparticle size and morphology 

control on antibacterial activity may inform the design of potent antibacterial agents. This study 

also reinforces the requirement of morphological control over polymer nanoparticles for 

biomedical applications, as differences in activity are observed depending on their size, shape, and 

core-crystallinity. 
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3.2 Introduction 

Current antibiotics are powerful tools to combat many significant infectious diseases, but it is 

predicted that the number of infections caused by resistant bacteria will increase each year, 

resulting in an estimated 10 million deaths per annum by 2050.1,2 Bacteria are capable of 

transferring antibiotic resistance genes between one another, and in addition, antibiotics can 

provide a selective pressure for resistant organisms when they are not present in a high enough 

concentration to kill the entire bacteria population.3–5 The resistant organisms then fully flourish 

upon extinction of susceptible bacteria.6–8 Once the resistance is established, these organisms can 

be readily transferred from patient to patient, especially in a nosocomial setting.9 Therefore, the 

development of alternatives to traditional antibiotics, and vehicles that can decrease the required 

dose of antibiotics,10–12 is of considerable interest for overcoming antibacterial resistance.13–15  

Many of these alternatives have been explored, especially antimicrobial peptides and 

nanoparticles.16–21 This is due to their more general mechanism of action, which usually involves 

targeting of the anionic bacterial cell membrane with cationic functional groups.18,22,23 However, 

antimicrobial peptides can be susceptible to degradation by proteases and can have a high cost 

associated with their synthesis.23 Different types of nanoparticles have therefore been explored, 

including organic,24–26 inorganic,27,28 and polymer-based materials.29–31 Polymer-based materials 

are of interest due to their ease of modification and their ability to undergo self-assembly and load 

cargos. A wide range have been reported,31–33 however, these particles can suffer from a trade-off 

between potency and toxicity,34,35 and the lack of shape and size control of polymer assemblies 

can cause discrepancies between the predicted and observed in vivo effects.36–38  

Amphiphilic diblock copolymers (BCPs) with core-forming solvophobic blocks and 

solvophilic corona-forming segments are able to self-assemble into core-shell nanoparticles in 
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block-selective solvents.39 The biodistribution of these particles can be advantageously altered 

through tuning of the size and shape of the assemblies.40–42 However, BCPs with an amorphous 

core-forming block generally self-assemble into spheres or vesicles whereas other morphologies 

are challenging to target.43,44 Any variation in the characteristics of the BCP nanoparticles can alter 

the resulting properties, impacting their cellular interactions, targeting abilities, and accumulation 

sites.41,45 Therefore, obtaining morphologically pure BCP nanoparticles with low size dispersity is 

of utmost importance for biological applications and non-spherical morphologies have been shown 

to be advantageous in many cases.17,40,42,46–49 

Recent work has demonstrated that the use of a crystalline rather than an amorphous core-

forming block directs the self-assembly predictably to yield either 1D nanofibers or 2D 

nanoplatelets.50–53 Moreover, size control can then be achieved via the living crystallization-driven 

self-assembly (CDSA) seeded growth approach54–56 which has been successfully applied to BCPs 

with a variety of biodegradable core-forming blocks.57–62 In the case of nanofibers, a BCP 

containing a short crystallizable core-forming block and a long solvophilic corona-forming block 

is self-assembled to form length disperse nanofibers in a selective solvent for the corona.50,54,55,63 

Mechanical fragmentation (usually via sonication) results in a Gaussian-type distribution of short 

(typically ca. 15-40 nm), relatively low-length-dispersity nanofibers that function as seeds.62,64 The 

seeds retain active termini to further epitaxial growth in the presence of added molecularly 

dissolved BCP (termed ‘unimer’). The result is a final nanofiber length that is directly dependent 

on the unimer to seed mass ratio.55,64,65 Given the seeds have a relatively low length dispersity, the 

resulting nanofibers are substantially longer, and the rate of elongation is approximately equal for 

all seeds, the final lengths of the nanofibers are uniform with low length dispersities.43,65 The 

uniformity of the final assembly, granted by their preparation via living CDSA, is crucial not only 
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for reducing off-target effects due to size variability, but also can be exploited to design pure 

nanoparticles of interesting morphologies that can enhance their innate performance in biological 

applications. 

Self-assembled nanoparticles with antibacterial activity have been previously reported, and 

a dependence on particle shape and size on activity has been determined.46,47,66,67 In our previous 

work, we reported that low length-dispersity nanofibers with a crystalline, biocompatible 

poly(fluorenetrimethylenecarbonate) (PFTMC) core and a hydrophilic 

poly(dimethylaminoethylmethacrylate) (PDMAEMA) corona can be prepared from a PFTMC16-

b-PDMAEMA131 BCP (block ratio = 1:10, subscripts refer to the number average degree of 

polymerization, DPn) via living CDSA.68 At physiological pH the PDMAEMA corona is partially 

protonated,69 which was proposed to drive electrostatic interactions with the anionic cell 

membrane of bacteria. We explored the antibacterial activity of the pristine nanofibers against 

Escherichia coli W3110 (E. coli) and found enhanced activity relative to nanospheres at every 

length studied. We also discovered that the behavior was length-dependant; longer nanofibers 

exhibited enhanced activity relative to intermediate length and short nanofibers.68 As the reasons 

for the observed trends in antibacterial activity were unclear, an investigation into the mechanism 

of action of these antibacterial nanofibers was of considerable interest.  

Studies directed at understanding the mechanism of action of antimicrobial nanoparticles 

have been reported, with many focusing on cationic antimicrobial peptides or polymer 

nanospheres.18,70–75 The major results from these studies implicate cell membrane damage as the 

major mechanism of antibacterial action. This is largely determined using microscopy to observe 

cell contents leakage and osmotic balance changes caused by the nanoparticles.76–79 In one report, 

self-assembled 𝛽-sheet antimicrobial peptides could be directly observed crossing the bacterial 
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membrane by transmission electron microscopy (TEM).74 Another recent report utilized 

fluorescence microscopy to identify that short 1D cylindrical micelles formed by p-stacking 

amphiphiles were the most potent antibacterials relative to nanospheres or 2D nanoribbons.80 

Furthermore, by probing the energy of interactions of the nanoparticles with bacterial cell 

membrane mimics, this behavior was attributed to fast rupture of the bacterial membrane. In 

contrast, studies on the mechanism of action for kinetically stable 1D block copolymer 

nanoparticles with rigid, crystalline cores do not exist, and comparisons with nanospheres 

containing an amorphous core derived from the same material are particularly desirable. 

Elucidating how the differing properties of the nanoparticles affect their interactions with bacteria 

would truly demonstrate how the function of the nanoparticle follows its form. 

In this work, we elucidate the mechanism of action of PFTMC-b-PDMAEMA block 

copolymer nanoparticles and demonstrate that the resultant antibacterial properties are dependent 

on their size and shape. We utilize this information to demonstrate that nanoparticle antibacterial 

activity can be enhanced by loading a small molecule antibiotic, decreasing the concentration 

required to induce a significant bacterial response. These results provide a framework for 

designing potent antibacterial systems that use nanoparticle size and shape to tune antibacterial 

activity and antibiotic delivery, rendering existing antibiotics more effective and providing 

multiple mechanisms of action. Together, these results have important implications for preventing 

antibiotic resistance.4,12,14 
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3.3 Results 

3.3.1 Synthesis of PFTMC16-b-PDMAEMA131 and the preparation of dye-

functionalised block comicelle length-controlled nanofibers and nanospheres 

PFTMC16-b-PDMAEMA131 was prepared via ring-opening polymerization followed by reversible 

addition-fragmentation chain-transfer polymerization as previously reported (number-average 

molar mass Mn = 18,300 g/mol, determined via 1H NMR; molar mass dispersity ĐM = 1.53, 

established via gel permeation chromatography, Figure S3.1, Figure S3.2, Table S3.1).68,81,82 This 

diBCP has been previously demonstrated to form length-tunable colloidally stable nanofibers in 

mixtures of THF and MeOH (2:8 v/v) via the living CDSA method (Figure 3.1A) and to remain 

colloidally stable upon transfer into water.68,81,82  

To aid with investigations into the mechanism of action, fluorescent nanofibers were 

desired to enable analysis via techniques such as flow cytometry and confocal laser scanning 

microscopy (CLSM). Previous studies have utilized a BODIPY630/650-X (BD) fluorescent dye that 

exhibits emission in the red region of the visible spectrum, where background cellular 

autofluorescence is minimal.81,83 The BD dye was covalently attached to the terminal primary 

alcohol of PFTMC16-b-PDMAEMA131 via N-hydroxysuccinimide ester coupling, yielding BD-

PFTMC16-b-PDMAEMA112 (Scheme S3.1, Figure S3.1B, Figure S3.2). A small change in the DPn 

of the PDMAEMA block was observed due to purification of the polymer via precipitation (Figure 

S3.3-Figure S3.5). 

 The self-assembly of BD-PFTMC16-b-PDMAEMA112 into nanofibers was attempted, 

however nanoplatelet impurities were also observed under a range of conditions, which indicated 

the desired morphological purity was lacking (Figure S3.6, Figure S3.7). To circumvent this 

issue, low dispersity fluorescent nanofibers were prepared directly by the addition of BD-
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PFTMC16-b-PDMAEMA112 unimer to non-fluorescent PFTMC16-b-PDMAEMA131 seed 

nanofibers, followed by the addition of further non-fluorescent PFTMC16-b-PDMAEMA131 to the 

termini. This formed (PFTMC16-b-PDMAEMA131)-m-(BD-PFTMC16-b-PDMAEMA112)-m-

(PFTMC16-b-PDMAEMA131)-m-(BD-PFTMC16-b-PDMAEMA112)-m-(PFTMC16-b-

PDMAEMA131) (m = micelle) ABABA pentablock comicelles with fluorescent B segments that 

flanked non-fluorescent terminal and central A segments. This structure ensured that the dye 

would not affect any potential biological interactions (Figure 3.1). The ratio of BD-PFTMC16-b-

PDMAEMA112 to PFTMC16-b-PDMAEMA131 was 1:1 for each nanofiber length prepared, 

resulting in pentablock comicelle nanofibers with lengths of 104 nm and 456 nm (length 

dispersity (ĐL) = 1.09 and 1.04, respectively, core height = 7 nm, core width = 10 – 13 nm,81  

Table S3.2). Attachment of the BD dye to the core-segment facilitated solvation and an emission 

spectrum was observed in water with a maximum at 655 nm (Figure S3.8). This method 

highlights the utility of creating segmented nanostructures when morphological purity is 

inaccessible through the self-assembly of an individual BCP. After transfer of the nanofibers 

from THF:MeOH into water via syringe-pump infusion and evaporation, nanofibers with final 

lengths of 104 nm (ĐL = 1.11) and 472 nm (ĐL = 1.03) were obtained (Figure S3.9A-B,  

Table S3.2). To enable comparisons with nanospheres, random comicelle nanospheres with an 

amorphous PFTMC core were prepared via dialysis of a 1:1 mixture of PFTMC16-b-

PDMAEMA131 and BD-PFTMC16-b-PDMAEMA112 unimers from DMSO directly into water 

(dcore =12 nm, ĐL = 1.08, Figure S3.9C,  

Table S3.2). In this case the PFTMC core-forming block precipitates rapidly and has insufficient 

time to crystallize.81 The two sets of fluorescent nanofibers and the sample of nanospheres were 

employed to explore the antibacterial mechanism of action. 
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Figure 3.1. BCP Nanoparticles prepared by living CDSA in this work. (A) Chemical structure and 

schematic for the living CDSA and comicellization of pentablock ABABA fluorescent nanofibers 

where the A blocks are PFTMC16-b-PDMAEMA131 and the B blocks are BD-PFTMC16-b-

PDMAEMA112. Adapted with permission from reference 81. Copyright 2020, Royal Society of 

Chemistry.81 (B) Scale representations of the various nanofibers and nanospheres studied. The 
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length/diameter listed represents the core dimensions, not including the corona. The core height of 

the nanofibers was obtained by atomic force microscopy, and the core and corona widths were 

determined by contour analysis via TEM.82 Full polymer and nanoparticle characterization is listed 

in Tables S3.1 and S3.2. Adapted from J. Am. Chem. Soc. 2022, 144 (43), 19799–19812. DOI: 

10.1021/jacs.2c06695. Copyright 2022, American Chemical Society.  

3.3.2 Sample preparation for nanofibers and nanospheres with bacteria  

Through investigation of the antibacterial mechanism of action, we sought to understand how the 

size and shape of crystalline-core 1D nanofibers and amorphous-core nanospheres can dictate the 

antibacterial activity, as well as why certain nanofiber lengths may outperform others. Sample 

preparation was identical for each analysis method. Controls consisted of E. coli (50 𝜇L)	diluted 

to an optical density at 600 nm of 0.6 in Lysogeny broth and mixed 1:1 with 2-(4-(2-

hydroxyethyl)piperazin-1-yl)ethanesulfonic acid (HEPES) buffer (40 mM, 50 𝜇L). The 

nanoparticle populations trialed were BD-labelled PFTMC16-b-PDMAEMA131-based nanofibers 

of length 104 nm (ĐL = 1.11) and 472 nm (ĐL = 1.03), as well as BD-labelled nanospheres 12 nm 

in core diameter (ĐL = 1.08), as measured by TEM (Figure S3.9D-F). These samples were diluted 

to 25 𝜇g/mL in HEPES buffer and added 1:1 to a bacterial suspension in broth, giving a final 

concentration of 12.5 𝜇g/mL of nanoparticles. These conditions were utilized to replicate previous 

antibacterial assays, at sub-inhibitory concentrations.68 For a positive control of cell death, 100 

𝜇g/mL of 472 nm nanofibers was also prepared. All analyses involved these three nanoparticle 

samples, with the exception of scanning electron microscopy (SEM) where only bacteria controls, 

nanofibers of length 472 nm, and nanospheres were investigated. Any modifications to this 

procedure are noted in the specific subsections. To determine if the phenomena demonstrated 

against gram-negative E. coli are universal, the TEM and SEM experiments were also performed 
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against gram-positive Staphylococcus epidermidis 12228 (S. epi). However, a more in-depth study 

of the scope of the antibacterial activity of nanoparticles against additional bacterial strains is 

currently underway. 

3.3.3 Flow cytometry studies to investigate nanoparticle-bacteria interactions 

Our initial investigations involved an examination of how the nanofibers and nanospheres interact 

with bacteria via flow cytometry. Full sample preparation and analysis conditions can be found in 

the supporting information. The plot of forward-scatter vs side-scatter in the E. coli control was 

used for gating purposes. The entire population of the bacterial control was gated as “single 

bacteria” as minimal aggregation was expected. This population was then gated for BD 

fluorescence; no BD fluorescence was observable as expected (median = 10, 96% BD negative, 

Figure 3.2A, Figure S3.10A, Figure S3.11). The same process was applied to samples containing 

BD-labelled nanoparticles, however, in each an additional population of larger species was present 

outside of the region gated as “single bacteria” and thus was termed “aggregated bacteria” (Figure 

S3.10B-E). In the single bacteria population, all nanoparticle samples were BD positive. No 

significant difference in BD fluorescence intensity was observed between samples containing 

bacteria and either nanospheres or 104 nm nanofibers (median = 3,500 and 3,300; 90%, 87% BD 

positive respectively, Figure 3.2A, Figure S3.10B-C, Figure S3.11). There was an increased level 

of BD fluorescence when the 472 nm nanofibers were evaluated (median = 4,500; 91% BD 

positive, Figure 3.2A, Figure S3.10D, Figure S3.11). These results indicated that while 

approximately the same percentage of cells contained nanoparticles regardless of their shape or 

size, more 472 nm nanofibers were present with each cell than 104 nm nanofibers or 12 nm 

nanospheres. When the concentration of 472 nm nanofibers was increased from 12.5 𝜇g/mL to 100 

𝜇g/mL, the median fluorescence increased from 4,500 to 16,000 (Figure 3.2A, Figure S3.10E, 
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Figure S3.11). Upon observation of the aggregated bacteria population in each nanoparticle 

sample, similar levels of BD fluorescence were found in each case (median = 36,000, 31,000 and 

29,000 for 472 nm nanofibers, 104 nm nanofibers, and nanospheres respectively, Figure S3.12). 

As the concentration was increased to 100 𝜇g/mL of 472 nm nanofibers, the median fluorescence 

levels increased considerably to 198,000 (Figure S3.12). Additionally, while the fluorescence 

levels in the aggregated bacteria population were not significantly different between samples at 

12.5 𝜇g/mL of nanoparticle, there was a higher count number of aggregated bacteria upon 

incubation with the 472 nm nanofibers (median = 670 events, Figure 3.2B) compared to the 104 

nm nanofibers and nanospheres (median = 180 and 270 events respectively, Figure 3.2B). These 

studies demonstrate that longer nanofibers appear to show higher association with bacteria than 

shorter nanofibers or nanospheres, leading to increased bacteria aggregation.  

 

Figure 3.2. Flow cytometry data collected from incubation of BD-labelled nanoparticles with E. 

coli relative to bacteria incubated in the absence of nanoparticles. (A) Median BD expression of 

E. coli incubated with BD-labelled nanospheres (12.5 𝜇g/mL, dcore = 12 nm), 104 nm nanofibers 

(12.5 𝜇g/mL), or 472 nm nanofibers (12.5 𝜇g/mL and 100 𝜇g/mL). (B) Median count of events in 
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the aggregated bacteria population via flow cytometry. A higher count is observed for the bacteria 

incubated with 12.5 μg/mL and 100 μg/mL of 472 nm nanofibers, in comparison to those incubated 

with 104 nm nanofibers and nanospheres. 95 % confidence interval of the median shown as error 

bars. **, ***, **** and ns indicate significance of p < 0.01, p < 0.001, p < 0.0001 and no 

significance respectively as determined by unpaired t-test between each respective group (Welch 

correction).  

 

Additional flow cytometry experiments were conducted to determine the uptake of a small 

molecule fluorescent probe. Samples were prepared in an identical manner to the previously 

outlined experiments, however 1 𝜇L of 1 𝜇g/mL of carboxyfluorescein diacetate succinimidyl ester 

(CFDA-SE) was added into the mixture. CFDA-SE is a live-cell stain which becomes fluorescent 

upon cleavage by active intracellular esterases.84 However, it has been well documented that this 

molecule is not significantly internalized by E. coli.84,85 Therefore, we wished to determine the 

level of uptake of this dye in the presence and absence of the nanoparticles, and if this was shape- 

or length-dependent. The two cell populations (single bacteria and aggregated bacteria) were 

examined. No CFDA-SE expression was present in the control E. coli sample. In the single cell 

population, no significant difference in the level of CFDA-SE expression was observed when 12.5 

𝜇g/mL of nanoparticles were present (Figure S3.13A). Observation of the aggregated bacteria 

population demonstrated that there was significantly more CFDA-SE fluorescence when E. coli 

was incubated with 12.5 𝜇g/mL of 472 nm nanofibers, relative to 12.5 𝜇g/mL of 104 nm 

nanofibers, or nanospheres (Figure S3.13B). Upon incubation with 100 𝜇g/mL of 472 nm 

nanofibers, a large increase was observed in CFDA-SE fluorescence in both single and aggregated 

bacteria (Figure S3.13A-B). Therefore, it appears that all nanoparticles allow entry of the small 
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molecule into the bacteria. Upon bacterial death, which is assumed to have occurred in the 

“aggregated bacteria” population, this small molecule entry is increased when 472 nm nanofibers 

are utilized.  

3.3.4 CLSM studies to identify nanoparticle internalization into bacteria 

CLSM was performed to investigate whether the BD-nanoparticles were internalized into the 

bacteria or merely adhered to the cell membrane. In order to visualize the E. coli, 4′,6-diamidino-

2-phenylindole (DAPI) was added to the prepared samples (1 𝜇L of 1 𝜇g/mL). The DAPI 

fluorescence afforded facile visualization of the bacterial culture. Upon incubation with 472 nm 

nanofibers (12.5	𝜇g/mL), larger aggregates of cells could be observed that colocalized with both 

DAPI and BD fluorescence (Figure S3.14). These aggregates were also observed via brightfield 

and fluorescence-filter microscopy (Figure S3.15). In each sample containing either 472 nm 

nanofibers, 104 nm nanofibers, or 12 nm nanospheres, a section of the field with fewer bacteria 

was selected for further magnification. A Z-stack was performed through the entirety of the 

bacteria. Uniform DAPI and BD fluorescence could be found throughout the entire cell with no 

discernable difference between samples (Figure 3.3, Figure S3.16, Figure S3.18). These results are 

indicative of nanoparticles being found uniformly throughout and surrounding the cells. Therefore, 

the ability of nanoparticles to cross the bacterial membrane is not critically affected by the 

nanoparticle shape and size. Thus, differences in cellular localization do not explain the observed 

antibacterial activity, however cellular uptake may contribute to the mechanism of action.   
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Figure 3.3. CLSM images of E. coli stained with DAPI (1 𝜇L of 1.0 𝜇g/mL), incubated with BD-

labelled fluorescent 472 nm nanofibers (top images) or nanospheres at 12.5 𝜇g/mL (bottom 

images). All images are taken from the middle of a Z-stack and the combined images are the result 

of overlaying the DAPI channel (blue) and BODIPY630/650-X channel (red). 

3.3.5 TEM studies of nanoparticle interactions with the bacterial membrane 

To gain further higher-resolution insights into whether the BD-nanoparticles were localized within 

bacteria or at the cell membrane, their interactions with bacteria were studied via TEM. Cells were 

centrifuged and collected, redispersed in a fixative, cross-sectioned, and the entirety was embedded 

in an Epon matrix. This was microtomed to create thin cross-sections which allowed for 

visualization of E. coli in multiple orientations (Figure 3.4). The control sample of E. coli showed 
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a high population density (Figure 3.4A). The bacterial membranes, which appear as dark edges 

around the bacteria, were largely intact (circled, Figure 3.4B). The bacterial size of 1.5 𝜇m matched 

the expected length of E. coli when the bacteria were cross-sectioned along their length. Notably, 

upon incubation of the bacteria with 12.5 𝜇g/mL of 472 nm nanofibers, the overall number of 

bacteria was considerably reduced in the sample, as shown in Figure 3.4C. Additionally, dark 

regions were observed around the bacterial membrane and appeared to represent fusion of the 

bacteria. Upon magnification of these regions, individual nanofibers were discernable (Figure 

3.4D). In most cases, these nanofibers could be observed physically crossing the bacterial cell 

membrane (circled, Figure 3.4D). This phenomenon was observed for both the 104 nm and 472 

nm samples of nanofibers (Figure S3.19). Similar aggregates of nanospheres could be observed 

around the bacterial cell membrane, but the TEM images showed no comparable evidence for these 

nanoparticles crossing the membrane in a similar fashion to the nanofibers, likely due to their 

smaller core dimensions (circled, Figure 3.4E). Upon incubation with 100 𝜇g/mL of 472 nm 

nanofibers, TEM clearly showed that these nanofibers are capable of crossing multiple membranes 

simultaneously (circled, Figure 3.4F). Similar results were obtained against S. epi (Figure S3.20). 

Therefore, the 1D nanofibers are able to penetrate and remain embedded within the bacterial 

membrane, likely due to their length. The nanospheres appear to cross the membrane but are not 

visible remaining within it, likely due to their smaller dimensions. 
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Figure 3.4. TEM micrographs of cross-sectioned E. coli before and after incubation with BD-

labelled nanoparticles. (A) Low magnification TEM micrograph of control E. coli. They are in 
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high number and well dispersed. (B) Higher magnification TEM micrograph of E. coli found in 

the control sample. The appearance of the normal, intact bacterial cell membrane is highlighted in 

the circle. (C) Low magnification TEM micrograph of E. coli in the presence of 12.5 𝜇g/mL of 

472 nm nanofibers. A lower number of bacteria is observed. (D) Higher magnification TEM 

micrograph of E. coli incubated with 12.5 𝜇g/mL of 472 nm nanofibers. The dark regions around 

the bacteria that correspond to long nanofibers surrounding and crossing the bacterial cell 

membrane are circled. (E) TEM micrograph of E. coli incubated with 12.5 𝜇g/mL nanospheres 

(dcore = 12 nm). The circle emphasizes the presence of nanoparticles around, but not clearly 

crossing the membrane. (F) E. coli upon incubation with 100 𝜇g/mL of 472 nm nanofibers, where 

circled are the nanofibers crossing the membrane of two bacteria simultaneously, as observed by 

TEM. Data for 104 nm nanofibers can be found in Figure S3.19. 

3.3.6 SEM studies of bacterial membrane integrity 

To confirm that BD-nanofibers compromise the physical integrity of the bacterial membrane, SEM 

studies were performed. Each sample was prepared under the conditions as previously described, 

but an adherent polyamide coupon was added into the cell culture mixture which allowed for 

bacterial attachment onto a solid support for analysis. Each coupon was sputter-coated with gold 

to enhance contrast (full details of the procedure for sample fixation are provided in the supporting 

information). The control E. coli were well dispersed and uniformly shaped (Figure 3.5A-B). The 

membrane showed consistent texture and no obvious defects. Bacteria incubated with BD-

nanospheres behaved similarly to the control with few defects observed (Figure 3.5C-D). Bacteria 

were also well-dispersed and of normal shape, corroborating the results found via TEM and 

CLSM. No nanospheres were apparent on the bacterial surface, but this may be due to their smaller 

size. To investigate this effect, bacteria were incubated with 100 𝜇g/mL of nanospheres, upon 
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which point what appeared to be aggregated nanospheres could be visualized on the bacterial 

surface (Figure S3.21). In contrast, upon analysis of the sample containing 12.5 𝜇g/mL of 472 nm 

nanofibers, the presence of deformed bacteria was common (circled, Figure 3.5E-F). Dark regions 

that appeared to be impressions in the membrane were apparent (circled, Figure 3.5F). In a similar 

manner to the samples studied by TEM and CLSM, the bacteria present were found in aggregates, 

confirming that the nanofibers can trigger this clustering to occur. It appeared that nanofibers were 

also discernable along the bacteria surface (arrows, Figure 3.5F). E. coli was also incubated with 

100 𝜇g/mL of 472 nm nanofibers, however a large precipitate formed instantaneously. Upon 

observation of the polyamide coupon, few bacteria were visible. Those present appeared to be 

extensively deformed (Figure S3.22). Through this data, it becomes clear that the crystalline-core 

of the nanofibers causes more membrane damage than analogous amorphous-core nanospheres, 

and this damage is enhanced by the increased length of the nanofibers. SEM data obtained upon 

incubation of S. epi with 12.5 𝜇g/mL of nanoparticles demonstrated that both nanospheres and 472 

nm nanofibers cause increased clustering of the bacteria, with nanoparticle aggregates also 

observable on the bacterial surface (Figure S3.23).  
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Figure 3.5. SEM images of E. coli and magnification of membrane characteristics upon incubation 

with BD-labelled nanoparticles, relative to the control sample. (A, B) SEM micrographs of control 

E. coli sputter coated in gold and adhered to a membrane coupon. (C, D) E. coli after incubation 
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with nanospheres (12.5 𝜇g/mL, dcore = 12 nm). (E, F) E. coli after incubation with 472 nm 

nanofibers (12.5 𝜇g/mL). Circled regions highlight deformed bacterium with dark hole-like 

regions found throughout. Arrows indicate what appear to be nanofibers observable along the 

surface of the bacteria. 

 3.3.7 Studies of loaded nanofibers and nanospheres  

3.3.7.1 Loading molecular cargo into PFTMC26-b-PDMAEMA424 length 

controlled nanofibers 

Next, we investigated if co-delivery of antibiotics with nanofibers could provide synergistic 

enhancement of antibacterial activity,86 while providing further insights into the mechanism of 

action.87,88 To this end, the dye-free BCP PFTMC26-b-PDMAEMA424 was synthesized and non-

fluorescent nanofibers were prepared via living CDSA (see supporting information for full 

details).89 The newly composed nanofibers were of comparable length (Ln = 109 nm, ĐL = 1.07, 

core height = 7 nm, core width = 10 – 13 nm, Figure 3.6, Figure S3.24A, Table S3.3) to the shorter 

nanofibers used for investigating the mechanism of action microscopically (Ln = 104 nm).  Despite 

longer nanofibers having higher antibacterial activity, shorter nanofibers have been proven to be 

of more biological relevance as their size (ca. 100 nm) is critical for persistence in circulation by 

providing resistance to renal clearance whilst also being able to cross biological barriers.40,41,90 

Furthermore, short nanofibers have been demonstrated to most effectively load and deliver both 

nucleic acid and hydrophobic therapeutic cargos.82,90,91 Thus, shorter nanofibers were selected for 

co-delivery studies. Dye-free nanospheres of a similar core diameter (16 nm, ĐL = 1.03) to those 

utilized for the mechanistic work (12 nm) were prepared via direct addition of a PFTMC26-b-

PDMAEMA424 THF unimer solution into water (Figure 3.6, Figure S3.24B, Table S3.3) for 

comparisons to the activity of nanofibers. Lastly, to enable comparisons between similarly sized 
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nanoparticles which only differ in core shape and crystallinity, short seed nanofibers were prepared 

(Ln = 23 nm, ĐL = 1.05) (Figure 3.6, Figure S3.24C, Table S3.3). These samples would allow us 

to determine if nanoparticle uptake and drug delivery is dependent on size, core crystallinity, or 

both. 

To deliver antibiotics to the bacteria simultaneously with nanofibers, cargo-loading at the 

core-corona interface was investigated. Previous reports by our group illustrate this ability using 

the model compound nile red via a solvent-switch method that involves transferring the nanofibers 

and cargo from organic solvent into aqueous solution through the slow addition of water.91,92 Full 

details of the drug loading procedure can be found in the supporting information. Tetracycline was 

selected as the candidate for drug loading as it is hydrophobic and active against gram-negative E. 

coli. Tetracycline targets the internal 30S subunit of ribosomal ribonucleic acid allowing us to 

determine if co-delivery with nanofibers aids its entry into the cell.93 

 

Figure 3.6. Nanoparticles evaluated for antibacterial activity against E. coli W3110. Nanoparticles 

are present in their respective self-assembly solvents. Tetracycline in EtOH, and water are then 

added at which point the organic solvents are allowed to evaporate, which is proposed to drive the 

hydrophobic cargo to the core-corona interface of the nanoparticles. Adapted from J. Am. Chem. 
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Soc. 2022, 144 (43), 19799–19812. DOI: 10.1021/jacs.2c06695. Copyright 2022, American 

Chemical Society.  

 

Dynamic light scattering was employed to evaluate the maximum loading capacity of the 

nanofibers, as we envisaged that it was a versatile and time-efficient method that has been 

previously demonstrated to effectively characterize drug loading.94 In addition, quantifying 

fluorescence emission as a means to determine drug loading was not viable due to the low intrinsic 

fluorescence of tetracycline. Tetracycline was loaded into 109 nm PFTMC26-b-PDMAEMA424 

nanofibers in increments from 1 wt % to 50 wt % relative to nanofiber mass and the hydrodynamic 

radius (Rh) was measured. In the absence of nanofibers, tetracycline (equivalent to 1 wt % loading) 

exhibited an Rh of 193 nm. Conversely, non-loaded nanofibers exhibited an Rh of 115 nm. The Rh 

of nanofibers loaded with 1 wt % to 20 wt % tetracycline matched that of the non-loaded nanofibers 

(Figure 3.7). At 50 wt %, the size distribution became much broader, and the Rh was found to be 

in between that of the non-loaded nanofibers and the free drug control, indicating the tetracycline 

may be less closely associated with the nanofibers in solution (Figure 3.7). Similar results were 

obtained for both nanospheres and seed nanofibers upon loading of tetracycline at 20 wt % (Figure 

S3.25A-B). TEM investigations were performed to verify that there were no changes to the 

nanoparticle size or morphology upon addition of tetracycline (Figure S3.26). No major structures 

of pure tetracycline were visible by TEM (Figure S3.26). This is likely due to TEM being a solid-

state technique and thus aggregation is not observable.  Therefore, 20 wt % was selected as the 

optimal drug loading concentration. 
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Figure 3.7. DLS traces given as Rh vs. number of: 1 wt % free tetracycline (Rh = 193 nm, Đ = 

0.093, black trace), non-loaded 109 nm nanofibers (Rh = 115 nm, Đ = 0.17, dark pink trace) and 

nanofibers loaded with 1 wt % (Rh = 111 nm, Đ = 0.14), 10 wt % (Rh = 103 nm, Đ = 0.13), 20 wt 

% (Rh = 96 nm, Đ = 0.22) and 50 wt % (Rh = 154 nm, Đ = 0.15) tetracycline. Traces are the mean 

of 5 replicates of 5 runs of each sample. Dispersities given are those reported by the DLS 

instrument. 

 

As DLS is a relatively low-resolution method of determining drug loading, we wished to 

utilize a secondary method to confirm that the tetracycline was fully loaded onto the nanofibers at 

20 wt %. The experimentally determined limit of detection of our nanofibers via flow cytometry 

is ca. 500 nm. Therefore, 483 nm (ĐL = 1.10, Figure S3.27A) nanofibers were loaded with 20 wt 

% tetracycline (Figure S3.27B), and compared to an equivalent amount of pristine nanofibers, 

along with free tetracycline, via flow cytometry. The results were normalized to the number of 

events detected for nanopure water. By assuming that each event represents either a nanofiber or 

a drug particle, we were able to determine that the number of events between drug-loaded (median 

= 265,300) and non-loaded nanofibers (245,600) did not significantly differ. The median number 
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of events for an equivalent amount of free tetracycline was found to be 51,950. Thus, we presume 

that the majority of the tetracycline is loaded at this percentage (Figure S3.28). While DLS, TEM, 

and flow cytometry data indicate that the tetracycline is associated with the nanoparticles, these 

techniques do not provide information about where on the nanoparticle it is located.  Previous 

assessments performed by our group determined that hydrophobic small molecules localize to the 

core-corona interface of PFTMC nanofibers,91 however, due to differences in the chemical 

composition of the corona and small molecules used, localization to the corona or inclusion within 

the crystalline core, though unlikely, cannot be discounted. 

3.3.7.2 Assessment of antibacterial activity  

Optical density measurements were performed to determine the antibacterial activity of the 

nanofibers, nanospheres, and seed nanofibers as previously reported.68 The EC50 (half maximal 

effective concentration) of PFTMC-b-PDMAEMA materials have been previously measured 

against a variety of mammalian cell-types and range from 12 – 20 𝜇g/mL.81 No cytotoxicity was 

observed for PFTMC26-b-PDMAEMA424 against U-87 MG glioblastoma cells  at 6.25	𝜇g/mL.89 

E. coli W3110 was selected as a model gram-negative organism and because it allows for direct 

comparison to our previously reported results and microscopic studies. The minimum inhibitory 

concentration (MIC), or the concentration required to inhibit bacterial growth, was first determined 

for the non-loaded nanofibers. Minimum bactericidal concentrations (MBCs) were also 

determined for the non-loaded samples. Our previous report involved unloaded nanofibers 

composed of PFTMC16-b-PDMAEMA131 with lengths 107 nm and 593 nm (ĐL = 1.10, 1.14) that 

displayed MICs of 55 and 17 𝜇g/mL, respectively. In agreement with these results, we observed a 

similar activity for 109 nm PFTMC26-b-PDMAEMA424 nanofibers with a longer PDMAEMA 

coronal block against E. coli (MIC = 37 𝜇g/mL, MBC = 100 𝜇g/mL, Figure 3.8). Upon addition 
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of 20 wt % tetracycline at the core-corona interface, the antibacterial activity of 109 nm nanofibers 

was substantially improved, exhibiting an MIC of 15 𝜇g/mL indicative of potent antibacterial 

behavior (Figure 3.8A-B). Importantly, an amount of tetracycline equivalent to 20 wt % was also 

evaluated, and the antibiotic showed no inhibition of E. coli growth (Figure S3.29). Nanospheres 

and seed nanofibers alone exhibited no significant antibacterial activity (MIC > 100 𝜇g/mL, 

MBCspheres > 250 𝜇g/mL, MBCseeds = 150 𝜇g/mL), in the former case in agreement with our 

previously published results on similar materials (Figure S3.30A-B).68 However, upon incubation 

of E. coli with PFTMC26-b-PDMAEMA424 nanospheres loaded with 20 wt % tetracycline, the 

antibacterial activity was dramatically improved and a MIC of 3 𝜇g/mL was determined (Figure 

S3.30C).  A similar result was observed for PFTMC26-b-PDMAEMA424 seed nanofibers, with an 

MIC obtained of 4 𝜇g/mL (Figure S3.30D). Upon visualization of the bacterial cultures via 

brightfield microscopy, stark differences were observed. In the samples containing loaded 

nanospheres, the bacteria were well dispersed and motile at all concentrations of loaded 

nanospheres, with the exception of 100 𝜇g/mL where small clusters of cells were present (Figure 

S3.31). Upon investigation of the samples containing PFTMC26-b-PDMAEMA424 seed nanofibers 

and 109 nm nanofibers (both non-loaded and loaded with tetracycline), clear clustering and cell 

death were observed (Figure S3.31). This occurred only at higher concentrations of seed nanofibers 

(100 𝜇g/mL – 25 𝜇g/mL), below which point the bacteria began to behave more similarly to the 

samples containing nanospheres (Figure S3.31). Therefore, the small size afforded by the assembly 

of nanospheres or seed nanofibers is advantageous for drug delivery, while the crystalline-core of 

the seed nanofibers is crucial for imparting membrane damage to the bacteria. 



122 
 

 

Figure 3.8. Antibacterial activity of 109 nm PFTMC26-b-PDMAEMA424 nanofibers compared to 

identical nanofibers loaded with 20 wt % tetracycline. (A) Minimum inhibitory concentrations 

against E. coli W3110 for nanofibers of Ln = 109 nm (ĐL = 1.07) both non-loaded and loaded with 

20 wt % tetracycline. The mean of 3 replicates, evaluated in triplicate is plotted, with error shown 

as σ. (B) Bacterial growth curves plotted as E. coli absorbance at 600 nm versus the concentration 

of 109 nm nanofibers. No effect was observed for the antibiotic alone (Figure S3.29). 

 

3.4 Discussion 

The goal of the aforementioned work was to elucidate the mechanism of action of antibacterial 

polymer nanofibers. Previous publications hypothesize that cationic nanoparticles largely disrupt 

bacteria through electrostatic interactions with the anionic cell membrane, however it is not well 

understood why there may be a length and shape dependence on the activity.76,77,79,95,96 We 

attempted to address this knowledge gap by conducting multiple experiments involving flow 

cytometry and different forms of microscopy. The former method demonstrated that longer 472 

nm nanofibers associate better with bacteria than shorter 104 nm nanofibers or 12 nm nanospheres. 

A B

109 nm nanofibers
109 nm + 20 wt % tetracycline
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This may be because of the increased length and thus higher availability of charged groups in a 

single nanoparticle to interact with the bacteria in a side-on manner. One could imagine that 

wrapping around the bacteria would be favourable as opposed to interacting end-on, as has been 

postulated previously.97 Thus, the higher antibacterial activity associated with the longer 

nanofibers could be in part due to increased association with the bacteria.67,68 Through flow 

cytometry we also demonstrated that while all nanoparticles enabled CFDA-SE uptake, CFDA-SE 

levels were higher in aggregated bacteria populations when 472 nm nanofibers are present in 

solution. This indicates that upon interaction of the bacteria with the long nanofibers, 

permeabilization occurs to a greater extent relative to 104 nm nanofibers or 12 nm nanospheres, 

allowing small molecule entry into the cell. In order to distinguish between any internal or external 

effects on the bacteria, CLSM was performed. Upon analysis of both DAPI and BODIPY630/650-X 

fluorescence in the bacterial culture, it became clear that the nanospheres, the 104 nm nanofibers, 

and the 472 nm nanofibers are all localized throughout the bacteria, indicating that each of these 

nanoparticles can cross the bacterial cell membrane. This led to an evaluation of the physical 

interactions with the bacteria using higher resolution microscopy. TEM of bacterial cross-sections 

allowed for further insight into differing interactions occurring with bacteria depending on the 

nanoparticle shape or size. Importantly, it was directly observed that both long and short nanofibers 

are capable of penetrating the bacterial cell membrane. It was also discovered that long nanofibers 

especially could adhere neighbouring bacteria together and disrupt multiple organisms 

simultaneously. Furthermore, nanofibers of increased length could likely outperform shorter 

counterparts due to their ability to better intercalate the membrane of a single bacterium.  It was 

not possible to visualize nanospheres crossing the membrane in a similar fashion, however by 

CLSM, it is clear this also occurs as other mechanisms of particle uptake in bacteria are unlikely 
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due to their size (> 10 nm).98 Lastly, using SEM analysis it was possible to corroborate the results 

obtained via TEM. In the presence of long nanofibers, the bacteria were misshapen and contained 

dark regions assumed to represent damage from the nanofibers, contributing to a decrease in 

membrane integrity. Upon incubation with nanospheres, bacteria contained far fewer of these 

defects and their shapes matched those found in the control. Therefore, while nanospheres are able 

to cross the cell membrane, it appears that this process does not cause sufficient stress to result in 

cell death or deformation. The 472 nm nanofibers conclusively cause severe clustering and 

deformation of bacteria. It can therefore be concluded that 1D nanofibers cause more membrane 

damage than analogous nanospheres, and thus nanoparticle shape is critical for obtaining optimum 

antibacterial activity. These results highlight that the mechanism of action of 1D nanofibers is 

largely physical, and thus antibacterial resistance should be difficult to acquire.99,100  

The differing abilities of nanoparticles to deliver tetracycline to E. coli provides pertinent 

insight into the mechanism of action. Medium-length 109 nm nanofibers perform this task 

moderately. Significant bacterial damage is visualized via brightfield microscopy, and the MIC is 

improved, indicating successful delivery of the drug to the bacteria. The further results upon 

incubation of E. coli with drug-loaded seed nanofibers and nanospheres provide arguably more 

conclusive insight into the mechanism of action. It is clear that the antibacterial activity of the 

loaded nanospheres is solely attributable to the bacteriostatic action of the tetracycline, due to the 

lack of antibacterial activity and bactericidal damage caused by the nanospheres themselves. The 

antibiotic simply hinders bacterial replication and does not directly cause apoptosis of the bacteria, 

and therefore we observe what appear to be healthy bacteria but in low numbers relative to the 

controls.  In contrast, the seed nanofibers impart significant cell damage at concentrations above 

25 𝜇g/mL, and below such concentrations effectively deliver the tetracycline which obstructs the 
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bacterial replication. The results of these studies demonstrate that the activity of nanofibers, 

nanospheres, and seed nanofibers is enhanced by co-delivery with antibiotics, and thus all 

nanoparticle morphologies and sizes are internalized to some extent, agreeing with our CLSM data 

(Table 3.1). It is clear however, that although the nanofibers possess higher inherent antibacterial 

activity, they are not able to enter the bacteria as readily and thus a less significant effect is 

observed upon antibiotic delivery. From the microscopic results, it is likely that the penetration of 

the membrane afforded by the 1D shape also impedes its full internalization into the cell. This 

process allows the nanofibers to cause significant cell damage in a pure state but hinders their 

abilities as delivery vehicles. In contrast, the smaller size of the nanospheres and seed nanofibers 

likely leads to facile crossing of the cell membrane without causing as significant damage, and 

thus higher internalization and stronger characteristics as delivery vehicles are observed. We can 

also conclude that the presence of the crystalline core found in the seed nanofibers facilitates the 

killing of the bacteria at higher concentrations. In other words, we witness bactericidal activity at 

high concentrations of seed nanofibers (Figure S3.31). In the case of nanospheres, bactericidal 

activity was not demonstrated, and only a bacteriostatic effect from the antibiotic is observed. 

Therefore, the crystalline core is crucial for imparting physical damage to the bacteria, with longer 

nanofibers exhibiting the highest inherent antibacterial activity, and shorter seed nanofibers 

proving to be superior for drug delivery (Table 3.1).  
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Table 3.1. Summary of the results for the antibacterial activity of trialed nanoparticles.  

PFTMC26-b-

PDMAEMA424 

nanoparticle 

MIC 

(𝝁g/mL) in 

unloaded 

state 

MIC 

(𝝁g/mL) in 

Tetracycline-

loaded state 

(20 wt. %) 

Core 

composition 

Degree of 

anisotropy 

Membrane 

damage as 

observed via 

microscopy 

109 nm 
nanofibers 37 15 crystalline high higha 

16 nm 
nanospheres > 100  3  amorphous low lowb 

23 nm seed 
nanofibers > 100  4  crystalline low mediumc 

a, b, c see Fig S31 

 

Importantly, these results also showcase a synergy that occurs between the nanoparticles 

and the antibiotics. No effect was observed for the equivalent loaded amount of antibiotic alone, 

but in combination with the nanoparticles, the activity was enhanced to a value beyond that of the 

unloaded nanoparticles. The antibiotic is effectively solubilized and delivered to the cell. By taking 

advantage of the inherent antibacterial activity of the nanofibers and exploiting the mechanism of 

action of nanospheres and seed nanofibers we have been able to design potent antibacterial 

materials and render the bacteria more susceptible to antibiotic treatment, a step that is crucial for 

decreasing antibiotic resistance.3 The MIC range for traditional antibiotics normally falls within 

0.1 – 10 𝜇g/mL and so the combination treatments reported here hold significant promise for 

treating bacterial infections.101   
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3.5 Conclusions 

We have successfully determined the antibacterial mechanism of action of 1D nanofibers and 

nanospheres composed of the BCP PFTMC-b-PDMAEMA. Confirming previous hypotheses that 

the cationic corona was able to target bacteria,46,67,68 we demonstrate that this occurs universally 

for 472 nm and 104 nm nanofibers and 12 nm nanospheres, but that the 1D shape of nanofibers 

prepared via living CDSA is solely able to significantly intercalate into the bacterial membrane, 

enhancing activity relative to nanospheres. In addition, 1D nanofibers, nanospheres, and seed 

nanofibers were loaded with 20 wt % of tetracycline and the antibacterial activity was measured. 

The enhanced inhibition exemplified by the combination treatments confirm that all nanoparticles 

trialed can facilitate entry of antibiotics into the cell, and that those smaller and less elongated are 

more useful for therapeutic delivery. The difference in uptake abilities and bactericidal activity 

between short nanofibers, nanospheres, and seed nanofibers highlights the importance of the 

presence of a rigid crystalline core in the 1D nanomaterials. Finally, the results presented here 

showcase how understanding the nuanced mechanisms of action governed by nanoparticle shape, 

size, and core-crystallinity is critical to create the most potent antibacterial materials. 

 

3.6 Supporting Information 

3.6.1 General considerations 

The syntheses and characterizations of PFTMC16-b-PDMAEMA131 and PFTMC26-b-

PDMAEMA424 have been previously reported by Street et al. and Parkin et al.68,81,82,89 PFTMC 

homopolymer degrees of polymerization were determined by matrix-assisted laser 

desorption/ionization mass spectrometry and block-copolymer degrees of polymerization were 

determined by integrations of coronal block peaks in 1H NMR relative to peaks of the PFTMC 

block. RAFT-CTA was dried via vacuum desiccation over phosphorus pentoxide prior to use. 

BODIPY630/650-X NHS ester (catalogue number: D10000) was purchased from ThermoFisher 
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Scientific (Canada). All other reagents and solvents were purchased from Sigma-Aldrich (Canada), 

Combi-Blocks (USA), VWR (Canada), or Fisher Scientific (Canada) and used without further 

purification. Solvents for self-assembly were HPLC grade and were filtered through PTFE, nylon, 

or cellulose filters with a pore size of 200 nm before use. 

3.6.2 Instrumentation 

Gel permeation chromatography (GPC) 

GPC was conducted on a Malvern Viscotek RImax chromatograph equipped with a refractive 

index (RI) detector, a UV/Vis detector operating at 240 nm, and a viscometer. n-Bu4NBr/THF 

(1% v/v) was used as the eluent, with the flow rate set at 1 mL/min. The columns used were T3000, 

followed by T5000 (Viscotek) at a constant temperature of 35 °C. The calibration of the RI detector 

was carried out using polystyrene standards (Viscotek). Samples were prepared at 1 mg/mL in 

eluent and filtered through a polytetrafluorethylene membrane filter, pore size = 0.2 µm. GPC 

chromatograms were processed using OMNISEC software (Malvern Panalytical, UK) and plotted 

using custom scripts (available on request) built using the open-source python modules NumPy, 

pandas and Matplotlib. 

NMR Spectroscopy 
1H and 13C NMR spectra were obtained at 25 °C in the solvent specified with Bruker spectrometers, 

operating at the field strengths listed. Chemical shifts are quoted in parts per million with spectra 

referenced to the residual solvent peak. Multiplicities are abbreviated as: br (broad), s (singlet), d 

(doublet), t (triplet), q (quartet), p (pentet), m (multiplet) and app. (apparent) or combinations 

thereof. Assignments of 1H-NMR and 13C-NMR signals were made where possible, using COSY, 

HSQC and HMBC experiments. The DPn of PFTMC was determined via MALDI-TOF MS, whilst 

the DPn of PDMAEMA was determined via 1H-NMR spectrometry by comparing the integration 

of the PFTMC aromatic protons to the N-CH3 protons of PDMAEMA. 

Ultrasonication 

Micelle sonication was carried out using either a Fisherbrand 112xx series advanced ultrasonic 

cleaner (FB-11203), operated in sweep mode for at 80 % power and 37 MHz at 15 °C, or using a 

Hielschur UP100H sonication probe (100W total output power) at 80% power. 

Transmission electron microscopy (TEM) 

TEM images were obtained on a JEOL 1011 microscope equipped with an 11 Megapixel CCD 

camera, operating at 80 kV. Nanoparticle solutions (1.5 µL, 1 – 4 mg/mL) were drop-casted onto 
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a carbon-coated copper grid. Uranyl acetate solution (8.5 µL) in EtOH (3 wt %) was subsequently 

drop-cast on top, and the grids were left to dry overnight. Copper grids (400 mesh) were purchased 

from Ted Pella. Carbon films (ca. 6 nm) were prepared by carbon sputtering mica sheets with a 

Leica ACE 600 carbon coater. The carbon films were deposited onto copper grids via floatation 

on water and the grids were allowed to air dry. 

For micelle length analysis, a minimum of 150 nanofibers were traced manually using the FIJI 

software package (US National Institute of Health). The number average micelle length (Ln) or 

width (Wn) and weight average micelle length (Lw) were calculated using eq. S1-2 from the 

individual contour lengths (Li) of the micelles. Here, Ni is the number of micelles of length Li, and 

n is the number of micelles examined in each sample. The distribution of micelle lengths is 

characterized by ĐL = Lw/Ln. 

                                        𝐿! =
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                             (eq. S1-2) 

 Sample preparation for bacteria-nanofiber analysis via TEM 

Samples were spun in an Eppendorf centrifuge. Supernatants were removed and replaced with 1.0 

mL of fixative while disturbing the pellets to ensure even fixation. After 1 hr at 22 ℃, the sample 

were placed in a fridge overnight. The samples were again spun and the supernatants removed and 

replaced with low melt agarose, Type VII (Sigma, Cat # A9045, St Louis, MO, 63103 USA). The 

samples were spun and cooled to set in the agarose. The pellets were removed from their sample 

tubes and the excess agarose was cut off and discarded. The sample pellets were further fixed for 

30 min at 22 ℃ and then in a fridge overnight. Once warmed to 22 ℃, the samples were washed 

in 0.1 M cacodylate buffer and then post-fixed in 1 % osmium tetroxide in cacodylate buffer for 1 

h. After washing in cacodylate buffer, the samples were dehydrated in a graded ethanol series and 

embedded into an Epon replacement (EMBed-812, Cat # 14120, Electron Microscopy Sciences, 

Hatfield, PA 19440, USA) using propylene oxide as the transition liquid.102 The Epon was 

polymerized at 60 ℃ for two days. Ultrathin TEM sections were cut and placed onto 150 mesh 

carbon-coated formvar grids and stained for 10 min in uranyl acetate and 4 min in lead citrate.102  

Dynamic Light Scattering (DLS)  

Dynamic light scattering (DLS) was carried out using a Malvern Zetasizer Pro. For DLS 

measurements to investigate drug-loaded samples, 10 µL of aqueous nanofiber solution was 
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diluted into 40 𝜇L filtered 40 mM HEPES buffer (pH 7.4) (resulting in a 32 mM HEPES solution) 

and the size was recorded. The correlation function was acquired in real time and analyzed by 

Cumulant analysis. This process allowed the diffusion coefficients for the nanoparticles to be 

determined, and these were expressed as the effective hydrodynamic radius (Rh) using the Stokes-

Einstein relationship for coated spheres in water (Refractive Index = 1.33, Dispersant 

Viscosity = 0.887, Dispersant Dielectric Constant = 78.5) with core properties of polystyrene latex 

(Refractive Index = 1.590, Absorption = 0.010).  

Flow Cytometry 

All experiments were performed on a Beckman Coulter CytoFLEX flow cytometer. The plate 

reader mode was utilized for analyzing bacterial samples. Optical filters were arranged according 

to instrument specifications to enable BODIPY630/650-X and DAPI monitoring. The gain and 

threshold for each channel was optimized using liquid broth as a control for bacterial experiments 

(Forward scatter gain = 300, Side-Scatter threshold = 40,000). Samples were prepared by 

incubating nanoparticles (12.5 𝜇g/mL) with E. coli W3110 (0.6 absorbance at 600 nm) to a final 

volume of 100 𝜇L. Each condition was prepared in triplicate. Samples were injected into the 

instrument and 10,000 events were recorded. Data collected included forward-scatter and side-

scatter, count, and BODIPY630/650-X fluorescence.     

Cytation 5 plate reading for kinetic assays 

Absorbance measurements (100 µL of sample) were obtained with the Biotek Cytation 5 

multimode plate reader and were conducted at 37 °C in a Corning 96-well plate (clear plates, with 

the lid). The samples were excited at 600 nm and the absorbance values were recorded. Two 

readings were taken, at time zero and 4 hours after. After the 0 hour reading, the 96-well plate was 

placed in an incubator at 37 °C with orbital shaking at 200 rpm. 

Confocal laser scanning microscopy (CLSM) 

CLSM images were obtained using a Zeiss LSM 880 microscope. Two channels were used for 

detecting fluorescence, one for DAPI using a 405 nm laser, and one for BODIPY630/650-X using a 

633 nm laser. Filters for -405 nm and 488/543/633 were used. The pinhole was set to 1 Au. Each 

laser was operated at 2 % power and the gain was set to 650 for DAPI and 700 for BODIPY630/650-

X. Wavelengths observed were 411-510 nm and 641-754 nm. Images were acquired using the 63× 

oil objective and were processed using Zen software (Carl Zeiss AG, Germany). 
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Scanning electron microscopy (SEM) 

SEM images were obtained on a Hitachi S-4800 SEM, operating at 1.0 kV and a working distance 

of 8 𝜇m in high vacuum mode.103 Three images were taken at 10,000×  and 40,000× for each 

sample. Samples were coated in gold to 10 nm of thickness using an Anatech Hummer IV Au 

coater.  Bacteria cultures were incubated with nanofibers in an eppie tube. Polyamide 

coupons (TriSep, YMACM34205) were placed in each eppie tube, and the samples were incubated 

for 1 h at 37 °C, at which point the coupons were removed and placed in individual polypropylene 

Petrie dishes. The coupons were rinsed with a solution of 2.5 % glutaraldehyde in phosphate 

buffered saline (PBS) at 4 °C for 4 h.103 This solution was then removed, and each coupon was 

rinsed twice with sterile PBS for 5 min each time. The coupons were then rinsed twice with 

deionized water for 5 min each to remove the PBS. Samples were then dehydrated using a gradient 

of EtOH (30%, 50%, 70%, 80%, 96%, and 100%) by suspension in increasing concentrations of 

EtOH for 5 min each time.103 Lastly, samples were dried using hexamethyldisilazane, first in a 50 

% solution diluted in PBS for 30 min, followed by a 100 % solution for 30 min.103 Coupons were 

left overnight in a desiccator to dry and imaged the following day. 

3.6.3 Synthetic Procedures 

Synthesis of BD-PFTMC16-b-PDMAEMA112 

 
To a solution of PFTMC16-b-PDMAEMA131 (37.4 mg, 0.001 mmol, 1.0 eq) in anhydrous DMSO 

(5.0 mL), 4-dimethylaminopyridine (10 mg, 0.082 mmol, 55 eq), N,N′-Diisopropylcarbodiimide 

(2.0 µL, 0.013 mmol, 9 eq) and BODIPY630/650-X NHS ester (3.0 mg, 0.004 mg, 3 eq) was added 

and stirred at rt for 22 h until complete consumption of the starting material was observed via TLC 

and a blue spot which was fluorescent and UV active appeared (hexanes/EtOAc, 1:1, Rf = 0.1; 

CH2Cl2/MeOH, 8:2, Rf = 0.9). The crude reaction mixture was lyophilized to a solid, redissolved 

in CH2Cl2 (10 mL) and purified by precipitation into hexanes (note: this may be performed by 

 
 



132 
 

gently agitating the sample in a centrifuge tube). The precipitate was observed to be blue in colour 

and fluorescent, whilst the supernatant was slightly fluorescent. The supernatant was decanted off, 

the polymer dried, and precipitated from CH2Cl2 into hexanes twice more, at which point the 

supernatant was still slightly fluorescent. The polymer was dissolved in CH2Cl2 (2.0 mL) and 

dialysed into EtOH with four dialysate changes to remove any further unreacted BODIPY630/650-X 

dye, at which point it was observed that the dialysate was no longer fluorescent. The solution was 

dried in vacuo to yield BD-PFTMC16-b-PDMAEMA112 as a blue solid (32 mg, 77 %). Analysis of 

the 1H-NMR integrals of Hp, Ho, and Hg revealed a ca. 50 % end-capping 

with BODIPY630/650-X. 1H-NMR (500 MHz, DMSO-d6) δ 8.16 – 8.07 (1H, m, Hp), 8.04 (1H, d, 

J = 3.6 Hz, Ho), 7.80 (32H, s, Hg), 7.65 – 7.55 (3H, m, Hn & Hk), 7.44 – 7.10 (96H, m, Hg), 7.08 

(2H, d, J = 8.6 Hz, Hl), 6.95 (1H, d, J = 4.1 Hz, Hm), 4.54 (2H, s, Hj), 4.46 – 4.15 (70H, m, Hf), 

3.98 (176H, s, Hc), Hd is underneath the water peak and not observable,  3.14 (2H, app. s, Hi), 

2.64 (2H, app. s, Hh), 2.19 (669H, s, He), 1.94 – 1.39 (228H, m, Ha), 1.29 – 0.50 (342H, m, Hb), 

DPn PFTMC = 16, DPn PDMAEMA = 112; GPC (NEt3/THF, PS standard): Mn = 20,400 g/mol, 

ƉM = 2.13. 

 

Scheme S3.1. Synthetic route to BD-PFTMC16-b-PDMAEMA112 (BD = BODIPY630/650-X) from 

PFTMC16-b-PDMAEMA131. 
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3.6.4 Self-Assembly Procedures 

The composition of all solvents is given in v:v. Low dispersity nanofibers of BD-PFTMC16-b-

PDMAEMA112/PFTMC16-b-PDMAEMA131 and PFTMC26-b-PDMAEMA424 were prepared 

according to the procedures reported by Street et. al.68, 89 All nanofibers were ultimately transferred 

into distilled water via slow addition of water to the self-assembly solution, followed by 

evaporation of the organic solvent. The method is further outlined in the drug-loading section, and 

follows the same process as stated but excludes the addition of a therapeutic. The selective solvent 

for self-assembly of BD-PFTMC16-b-PDMAEMA112/PFTMC16-b-PDMAEMA131 was MeOH, 

while for PFTMC26-b-PDMAEMA424 EtOH was used. Nanospheres were prepared either by 

dialysis of DMSO unimer solution into water over the course of 3 days, or via direct addition of 

THF unimer solution into water followed by evaporation of the THF.  

General self-nucleation procedure 

A solution of diBCP dissolved in THF (unimer) (20 mg/mL) was diluted in THF. Unimer solution 

was slowly added via a micropipette into a selective solvent (e.g EtOH) to yield solutions with 

final solvent compositions of 20:80 THF:EtOH  and 1 mg/mL of polymer. Each solution was 

manually shaken for ~10 s and aged at 23 °C for 24 h for PFTMC16-b-PDMAEMA131 or heated to 

60 °C for 3 h and allowed to cool to 23 °C for PFTMC26-b-PDMAEMA424. The length-disperse 

nanofibers were analyzed via TEM. 

General preparation of seed nanofibers 

Disperse nanofibers were subjected to sonication using a using a Fisherbrand 112xx series 

advanced ultrasonic cleaner (FB-11203) at 10 °C in sweep mode at 37 mHz and 80 % power for 

at least 3 h, or using a Hielschur UP100H sonication probe (100W total output power) at 0 °C, 

80% power for 3 h. The resulting seed nanofibers were analyzed via TEM. 

General procedure for the preparation of low dispersity, controlled length nanofibers via 

seeded growth (living CDSA) 

For seeded growth assemblies with munimer/mseed ≤ 10: aliquots of unimer (20 mg/mL in THF) were 

added to diluted identical composition seed nanofiber solutions (0.1 mg/mL – 1 mg/mL) in EtOH. 

The self-assembly solutions (THF content: 10 – 20% in EtOH) were manually shaken for ~15 s 

and aged for 24 h at 23 °C. 
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General procedure for the preparation of segmented BODIPY630/650-X labelled nanofibers via 

living CDSA 

A solution of low dispersity PFTMC16-b-PDMAEMA131 seed nanofibers (between 0.1 and 5 

mg/mL) were diluted in a volume of selective solvent appropriate to the final concentration of 

polymer and solvent composition. To this solution, an aliquot of BD-PFTMC16-b-PDMAEMA112 

unimer solution in common solvent (THF, 20 mg/mL) appropriate to the desired munimer:mseed ratio 

was added, the sample was manually shaken for 10 s, then vortex mixed for 10 s, and aged at 23 °C 

for 24 h. The resulting triblock segmented nanofibers were then imaged via TEM, before a further 

aliquot of PFTMC16-b-PDMAEMA131 unimer solution in common solvent (THF, 20 mg/mL) 

appropriate to the desired munimer:mseed ratio was added, the sample was manually shaken for 10 s, 

then vortex mixed for 10 s, and aged at 23 °C for a further 24 h. The resulting pentablock 

segmented low dispersity nanofibers were then imaged via TEM before being transferred into 

water via the method outlined above. 

Example procedure for preparation of segmented BODIPY630/650-X labelled nanofibers via 

living CDSA 

28 nm PFTMC16-b-PDMAEMA131 nanofibers (ÐL = 1.20, σ = 12 nm, 500 µL, THF/MeOH 1:99 

v/v, 1 mg/mL) were diluted in MeOH (500 µL). To this solution, BD-PFTMC16-b-PDMAEMA112 

unimer solution (50 µL, 20 mg/mL in THF, munimer:mseed = 2) was added, and the sample was 

manually shaken for 10 s, then vortex mixed for 10 s, and aged at 23 °C in the dark for 24 h. The 

resulting low dispersity nanofibers were characterized via TEM (Ln = 66 nm, ÐL = 1.16, σ = 27 

nm). To a solution of these triblock segmented nanofibers, PFTMC16-b-PDMAEMA131 unimer (50 

µL, 20 mg/mL in THF, munimer:mseed = 2, based on original seeds) was added, and the sample was 

manually shaken for 10 s, then vortex mixed for 10 s, and aged at 23 °C in the dark for 24 h. The 

resulting low dispersity pentablock segmented nanofibers were characterized via TEM (Ln = 104 

nm, ÐL = 1.09, σ = 32 nm). To these pentablock segmented nanofibers (1mL, 2mg/mL), filtered 

deionized water was added (1mL) via syringe pump infusion (10 µL/min), then aged for 72 h at 

23 °C until the mass of solution was less than 1 g. Filtered deionized water was added to make the 

sample up to 1 mg/mL gravimetrically (2 g). The resulting low dispersity nanofibers were 

characterized via TEM (Ln = 104 nm, ÐL = 1.11, σ = 34 nm) and stored in the dark. 
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General preparation of nanospheres 

BD-nanospheres were prepared via 1:1 mixing of BD-PFTMC16-b-PDMAEMA112 unimer in 

DMSO with PFTMC16-b-PDMAEMA131 unimer also in DMSO. The resulting solution was placed 

in dialysis tubing and was dialyzed against water over 3 days. The final solution was collected and 

gravimetrically made up to 1 mg/mL. Nanospheres of PFTMC26-b-PDMAEMA424 were prepared 

via direct addition of 20 mg/mL THF unimer solution into water. The THF was allowed to 

evaporate, and the resulting solution was gravimetrically made up to 1 mg/mL. 

3.6.5 Drug loading procedure 

The solubility of the selected therapeutic was investigated. Tetracycline (5 mg) was added to a vial 

and 5 mL of solvent was added, to result in a 1 mg/mL solution. In water, a precipitate was visible 

to the eye. In ethanol, the compound readily dissolved. The loading capacity was investigated from 

1 wt % to 50 wt % relative to nanofiber mass. For 1 wt % trials, a stock solution of 0.1 mg/mL 

drug was made in EtOH. For all other loading capacities, a 1 mg/mL solution was used. In each 

case, 100 µL of nanofibers or seed nanofibers in self-assembly solvent (THF:EtOH, 2:8 v/v) was 

added into a pre-weighed vial. The appropriate amount of therapeutic in EtOH was added for each 

respective loading quantity. H2O was filtered through a 0.3 𝜇m cellulose acetate syringe filter and 

then added slowly to the mixture via micropipette in a volume 50 µL in excess of the organic 

solvent volume. The vial was left open to air overnight to promote organic solvent evaporation. 

The vial was re-weighed and a gentle stream of air was used to reduce the H2O volume to less than 

100 µL. The vial was then topped up with H2O to reach 100 µL, at which point it was left open for 

a further 24 h to ensure total organic solvent evaporation. H2O was again added to reach a final 

volume of 100 µL. Loaded nanospheres were prepared in a similar manner, however due to the 

nature of the self-assembly process, the nanospheres were already present in water.  Therefore, the 

tetracycline solution in EtOH was added directly into the water nanosphere solution, and the 

organic solvent was allowed to evaporate. No precipitate was observed during this process. As the 

organic solvent evaporated, H2O was added to reach the appropriate final volume and 

concentration. Each resulting drug-loaded solution (10 µL) was then diluted into 40 mM HEPES 

(40 µL) and the hydrodynamic radius was measured via DLS. For free drug controls, the same 

volume of drug stock solution (in EtOH) was added into blank EtOH and transferred into H2O 

following the same procedure. Nanofiber controls were performed similarly, but no drug was 

added. A 20 wt % loading was used for all antibacterial experiments.   
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3.6.6 Antibacterial assays 

All bacteria work was performed in a biological safety cabinet using sterile technique. All 

materials were autoclaved and disinfected with 70 % ethanol prior to being placed in the biological 

safety cabinet. Clear, sterile, 96-well plates were purchased from Corning. Lysogeny broth (LB) 

was used for streak plates and liquid culturing of Escherichia coli (E. coli) W3110. The buffer was 

prepared by weighing out (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) into a 

glass bottle, filling with distilled water, autoclaving, and balancing to pH 7.4. Minimum inhibitory 

concentration (MIC) curves were fitted using GraphPad Prism and the Lambert and Pearson 

method.104 The procedure previously reported by Parkin et al.68 was modified to observe the t = 0 

min and t = 240 min timepoints, with a full 4 h of incubation at 37 °C at 200 rpm orbital shaking 

in between. Minimum bactericidal concentrations (MBCs) were determined by incubating E. coli 

with nanoparticles in concentrations from 50 µg/mL to 250 µg/mL for 24 h. The overnight cultures 

were visualized via brightfield microscopy and MBC values were taken as the concentrations 

where no motile bacteria were present within the culture. 

Preparation of bacteria for assays. 

From a stock solution of E. coli W3110 that was kept at -80 °C, a single loop was used to make a 

streak plate (LB agar). These plates were placed in an incubator at 37 °C for 24 h. This was 

repeated. From these initial streak plates, a second propagation was performed. A disposable loop 

was used to select one colony from each, and streaked onto another plate, respectively. The new 

plates were incubated at 37 °C for 24 h. Subsequently, they were moved into a 4 °C fridge. To 

grow a liquid culture, a single colony was selected from a plate using a disposable loop. This was 

placed in 5 mL of LB broth contained in a 15 mL Falcon tube. The loop was swirled in the broth 

until the colony was visibly deposited in the broth. The falcon tube was placed in an incubator at 

37 °C with orbital shaking at 200 rpm. The culture was allowed to grow for 24 h. From the initial 

culture, 25 µL of solution was taken and added to a second 15 mL falcon tube containing 5 mL of 

broth. This new culture was placed in an incubator at 37 °C with orbital shaking at 200 rpm for 24 

h. 

Plating of bacteria and nanofibers determining the minimum inhibitory concentration. 

Liquid bacterial cultures were diluted in respective broth to a maximum volume of 3 mL and to an 

absorbance of 0.600 using an OD meter and a polystyrene cuvette. Once the appropriate dilutions 

were determined, they were performed on a larger scale to give at least 5 mL of bacterial 
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suspension in a sterile reservoir. 10 mL of 40 mM HEPES buffer was added to a separate sterile 

reservoir. Using a multichannel pipette, 50 µL of buffer was added to each well, excluding the 

third column. The first row (A1-12) and the last row (H1-12) were topped up to 100 µL of buffer 

to be used as blanks and to prevent evaporation. The first column was also used as a buffer blank. 

To three wells in the third column (B3, C3, D3) 20 µL of 1 mg/mL material to be tested was added, 

and 20 µL of 1 mg/mL of a second material to be tested was added to the next three (E3, F3, G3). 

Each of these wells was then diluted with 80 µL of buffer solution. From the third column, 50 µL 

was taken from each well using a multichannel pipette and placed into the next column in order to 

dilute the material in half. This was repeated until the full plate was serially diluted to 0.2 ug/mL. 

Each time, the material was pipetted up and down three times to ensure proper mixing. Diluted 

bacterial suspension (50 µL) was added into each well, including the second column as a control 

(HEPES, broth, and bacteria). Therefore, the final volume in each well was 100 µL.  
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3.6.7 Supplementary Tables 

Table S3.1. Summary of molar mass data for, PFTMC16-b-PDMAEMA131, PFTMC26-b-

PDMAEMA424 and BD-PFTMC16-b-PDMAEMA112 polymers. Data for PFTMC16-b-

PDMAEMA131 and PFTMC26-b-PDMAEMA424 is reproduced with permission from the Royal 

Society of Chemistry.68, 81 The large Mn values observed with the universal calibration method is 

likely due to polymer aggregation and/or interaction with the column. 

Polymer 
Mn (g/mol) 

GPC 

Mw (g/mol) 

GPC 

ĐM 

GPC 
DPn NMR 

Mn 

(g/mol) 

NMR 

DPn    

MALDI-

TOF 

PFTMCm-b-

PDMAEMAn 
9,700a 

18,300b 

15,000a 

28,000b 

1.55a 

1.53b 

m = 20 

n = 131 
24,900 m = 16 

PFTMCo-b-

PDMAEMAp 
87,900c 102,100c 1.16c 

o = 26 

p = 424 
73,500 o = 26 

BD-

PFTMCm-b-

PDMAEMAq 

20,400b 43,600b 2.13b q = 112 22,400 m = 16 

a Previously reported GPC data, using polystyrene standards on a different instrument. 
b GPC data from this publication, using polystyrene standards. 
c Previously reported GPC data, using universal calibration. 
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Table S3.2. TEM length and dispersity data of (PFTMC16-b-PDMAEMA131)-m-(BD-PFTMC16-

b-PDMAEMA112)-m-(PFTMC16-b-PDMAEMA131)-m-(BD-PFTMC16-b-PDMAEMA112)-m-

(PFTMC16-b-PDMAEMA131) pentablock comicelle nanofibers and blend nanospheres.  

Morphology 
Length in THF/MeOH 

(nm) 

Length upon transfer into Water 

(nm) 

ĐL+ from 

Water 

Nanofibers 104 ± 32 104 ± 34 1.11 

Nanofibers 456 ± 94 472 ± 88 1.03 

Nanospheres - 12* ± 3 1.08 

* diameter of the core,  
+ ĐL= Lw/Ln  

 

Table S3.3. TEM length and dispersity data in THF/EtOH mixtures, as well as hydrodynamic 

radius (Rh) of PFTMC26-b-PDMAEMA424 nanofibers, nanospheres, and seed nanofibers recorded 

in 32 mM HEPES via DLS.  

Morphology 
Length from 

THF/EtOH (nm) 

Length upon 

transfer into 

Water (nm) 

ĐL from Water 
Rh in 32 mM 

HEPES (nm) 

Nanofibers 103 ± 28 109 ± 29 1.07 115 ± 2 

Nanospheres - 16 ± 3 1.03 110 ± 10 

Seed 

nanofibers 
24 ± 5 23 ± 5 1.05 94 ± 1 
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3.6.8 Supplementary Figures 

 

 

Figure S3.1. (A) General structure of the diblock copolymer PFTMCm-b-PDMAEMAn used in 

this work, where m, and n, represent variable degrees of polymerization and o represents different 

numbers of multiple groups in the chain transfer agent. (B) Structure of the fluorescent 

BODIPY630/650-X-capped diblock copolymer PFTMC16-b-PDMAEMA112 used to generate 

fluorescent blend nanospheres and controlled length block comicelle nanofibers through 

combination with non-fluorescent PFTMC16-b-PDMAEMA131 in a 1:1 ratio. 
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Figure S3.2. GPC Chromatograms in n-Bu4NBr (0.1 wt %)/THF of PFTMC16-b-PDMAEMA131 

(black trace), and BD-PFTMC16-b-PDMAEMA112 (red trace). The “tailing” of the BD-PFTMC16-

b-PDMAEMA112 polymer to the high molecular weight region is assumed to arise due to 

aggregation of the BD-capped polymer, which is present at 50 % capping efficiency.  
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Figure S3.3. 1H-NMR spectrum of BD-PFTMC16-b-PDMAEMA112 in DMSO-d6 (500 MHz). 

Expansion of the 1H-NMR region corresponding to the BODIPY630/650-X moiety is shown in Figure 

S3.5. 
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Figure S3.4. Stacked 1H-NMR spectra of BODIPY630/650-X NHS Ester (blue), PFTMC16-b-

PDMAEMA131 (black), and BD-PFTMC16-b-PDMAEMA112 (red) in DMSO-d6 (500 MHz). 
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Figure S3.5. Expansion of the 1H-NMR region from 5.1 – 8.3 ppm in Figure S3.3. 
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Figure S3.6. Conditions screened for the spontaneous (homogeneous) self-nucleation of BD-

PFTMC16-b-PDMAEMA112. TEM micrographs of the assemblies formed after annealing at (A1-

3) rt in THF/MeOH 10:90 (v/v) and annealing at 70°C for 30 min in (B1-3) THF/MeOH 5:95 (v/v), 

(C1-3) THF/MeOH 10:90 (v/v) and (D1-3) THF/MeOH 20:80 (v/v). All samples were stained with 

uranyl acetate (3 wt% in EtOH). 
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Figure S3.7. Further conditions screened for the spontaneous (homogeneous) self-nucleation of 

BD-PFTMC16-b-PDMAEMA112. TEM micrographs of the assemblies formed after annealing at 

70°C for 30 min in (A1-3) THF/DMSO/MeOH 1:19:80 (v/v), (B1-3) THF/EtOH 10:90 (v/v), 

(C1-3) THF/iPrOH 10:90 (v/v) and (D1-3) a 1:1 bend with PFTMC16-b-PDMAEMA131 in 

THF/MeOH 10:90 (v/v). All samples were stained with uranyl acetate (3 wt % in EtOH). 
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Figure S3.8. Overlay of (A) fluorescence excitation and (B) emission spectra of BD-labelled 

nanospheres (magenta), 104 nm nanofibers (purple) and 472 nm nanofibers (cyan) at 50 µg/mL in 

10 mM HEPES, pH 7.4. (A) fluorescence excitation spectra (λex = 400 – 650 nm, λem = 655 nm), 

and (B) fluorescence emission spectra (λex = 540 nm, λem = 560 - 800 nm). The fluorescence 

excitation and emission profile and intensity is similar for all samples. 

 

Figure S3.9. TEM micrographs and representative histograms below of self-assembly for BD-

labelled nanoparticles. (A) 104 nm nanofibers (B) 472 nm nanofibers and (C) Nanospheres (dcore 

= 12 nm). Each image is after transfer into water and stained with 3 wt % uranyl acetate in EtOH. 

Histogram colours represent the length contour analysis of intermediate triblock comicelle 

D E F
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nanofibers (orange), final pentablock comicelle nanofibers in THF/MeOH (10:90 v/v) (red) and 

after transfer into water (yellow).   

 

A
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Figure S3.10. Flow cytometry data of BODIPY630/650-X fluorescence in BD-labelled nanofiber-

bacteria samples and relevant controls, gated for “single bacteria” population in forward-scatter 

vs. side-scatter plots. Control samples of bacterial broth with no nanoparticles were utilized to gate 

for “bodipy negative”, with the second population gated as “bodipy positive”. Each sample was 

evaluated in triplicate. The x-axis is BODIPY630/650-X fluorescence and the y-axis is count.  

D

E
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Figure S3.11. Median BD expression as a function of the count of E. coli incubated with 12.5 

𝜇g/mL of BD-labelled nanospheres (dcore = 12 nm), 104 nm nanofibers, or 472 nm nanofibers, or 

100 𝜇g/mL of 472 nm nanofibers.  

 

Figure S3.12. Median BODIPY630/650-X fluorescence in samples gated as “aggregated bacteria” in 

initial populations, as dependent on BD-labelled nanofiber length, nanoparticle shape, and 

nanofiber concentration. 12.5 𝜇g/mL of nanoparticle was used for all samples aside from 
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100 𝜇g/mL of 472 nm nanofibers (purple bar). No significant difference is observed between 

samples at 12.5 𝜇g/mL.  

 

Figure S3.13. Median CFDA-SE fluorescence in “single bacteria” and “aggregated bacteria 

populations. (A) No significant difference in CFDA-SE expression is observed between 

nanoparticle samples at the same concentrations. Minimal CFDA-SE fluorescence is present in 

control E. coli populations in the absence of nanoparticles. A large increase in expression is 

observed when 100 𝜇g/mL of 472 nm nanofibers is incubated with E. coli. (B) An increase in the 

median CFDA-SE fluorescence signal within the aggregated bacteria population is observed when 

12.5 𝜇g/mL of 472 nm nanofibers is present relative to 12.5 𝜇g/mL of 104 nm nanofibers and 12 

nm nanospheres. No difference is observed between the 104 nm nanofibers and nanospheres. A 

large increase in fluorescence is observed upon increasing the concentration of 472 nm nanofibers 

to 100 𝜇g/mL. 
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Figure S3.14. CLSM images of cell clusters observed upon incubation of bacteria with 12.5 𝜇g/mL 

of 472 nm BD-labelled nanofibers. Images are taken from the center of a Z-stack performed 

through the entirety of the cluster, with the blue channel representing DAPI fluorescence, the red 

representing BODIPY630/650-X fluorescence and the final image showing the overlay of the two.  
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Figure S3.15. Clusters of cells visualized via brightfield microscopy followed by the 

corresponding fluorescence images acquired on a Cytation 5 plate reader of E. coli W3110 

incubated in the presence of 472 nm BD-labelled nanofibers (100 𝜇g/mL) for 4 h at 37 ℃. DAPI 

(1 µL, 1 µg/mL) was added to visualize the bacteria. The cell clusters align with the presence of 

DAPI and BODIPY630/650-X fluorescence and are assumed to be inactive.  
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Figure S3.16. CLSM images of E. coli W3110 incubated with 12.5 𝜇g/mL of BODIPY630/650-X 

labelled 472 nm nanofibers. The series of images arises from a Z-stack taken throughout the 

entirety of the bacterium, with the top image showing the DAPI channel and the bottom showing 

the BODIPY channel. 
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Figure S3.17. CLSM images of E. coli W3110 incubated with 12.5 𝜇g/mL of BODIPY630/650-X 

labelled nanospheres. The series of images arises from a Z-stack taken throughout the entirety of 

the bacterium, with the top image showing the DAPI channel and the bottom showing the BODIPY 

channel.  
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Figure S3.18. CLSM images of E. coli W3110 upon incubation with 104 nm BD-labelled 

nanofibers. The DAPI channel is shown in blue in the top image, and the BODIPY630/650-X channel 

is shown below in red. Uniform fluorescence is found throughout the cell as demonstrated by the 

Z-stack. 
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Figure S3.19. TEM micrographs of 104 nm BD-labelled nanofibers incubated with E. coli W3110. 

The dark clusters contain nanofibers, which can be observed crossing the bacterial membrane and 

fusing the bacteria together.  

 



 
 

159 
 
 
 

 

Figure S3.20. TEM micrographs of cross-sectioned S. epi upon incubation with 12.5 𝜇g/mL of 

472 nm nanofibers, or 12 nm nanospheres. 472 nm nanofibers can be observed penetrating the cell 

membrane, and what appears to be cell contents leakage is observed neighboring the bacterium. In 

contrast, relatively few 12 nm nanospheres are observed in contact with the cell membrane, and 

no cell contents leakage is observable.  

 

Figure S3.21. Representative SEM images of E. coli upon incubation with 100 𝜇g/mL of 12 nm 

nanospheres. Clustering of the bacteria occurs, along with deformation of the bacteria and bulging 

of the bacterial membrane. Upon magnification, what appears to be larger spherical aggregates are 

discernable on the bacterial surface, as indicated by the red arrow.  
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Figure S3.22. Representative SEM images of E. coli upon incubation with 100 𝜇g/mL of 472 nm 

nanofibers. Clustering of the bacteria occurs, along with large deformation of the bacteria. Upon 

magnification, this deformation is visualized more clearly.  

 

Figure S3.23. SEM images of S. epi in the presence and absence of polymer nanoparticles. Control 

bacteria are of normal shape and found in their expected diplococci state. Upon incubation with 

12.5 𝜇g/mL of 472 nm nanofibers, oblong clustered bacteria are visible and appear to be coated in 

nanofibers. Similarly, upon incubation with 12.5 𝜇g/mL of 12 nm nanospheres, bacterial clustering 

is triggered, and spherical aggregates are present on the surface. The overall shape of the bacteria 

appears to be less affected relative to when they are in the presence of nanofibers. 
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Figure S3.24. Nanofibers, nanospheres, and seed nanofibers of PFTMC26-b-PDMAEMA424 used 

in this work for delivering antibiotics. (A) TEM micrograph of 109 nm nanofibers upon transfer 

into H2O (B) TEM micrograph of nanospheres in water. Slight aggregation of the nanospheres is 

visible. (C) TEM micrograph of seed nanofibers upon transfer into water. All TEM grids are 

stained with a 3 wt % uranyl acetate solution in water. 

 

Figure S3.25. Data of the hydrodynamic radii of non-loaded and loaded nanospheres and seed 

nanofibers. (A) Overlayed distribution of size by number of nanospheres, nanospheres loaded with 

20 wt % tetracycline, and the tetracycline control (1 wt %). The average hydrodynamic radius of 

nanospheres was 110 nm, and that for loaded nanospheres was 101 nm. (B) Overlayed distribution 

of size by number of non-loaded and loaded seed nanofibers relative to tetracycline control (1 wt 

%). The average hydrodynamic radius of pure seed nanofibers was 94 nm, and of loaded seed 

nanofibers was 92 nm. 
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Figure S3.26. Representative TEM micrographs of drug-loaded nanofibers, as well as tetracycline. 

Nanoparticle morphology is conserved in all cases upon loading with 20 wt % tetracycline. At 

both high (1 mg/mL) and low (0.2 mg/mL) concentrations of tetracycline no major structures are 

visible by TEM.  

 

Figure S3.27. TEM micrographs of newly assembled 483 nm nanofibers composed of the block 

copolymer PFTMC26-b-PDMAEMA424 for the use of flow cytometry studies of drug-loading, 
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upon (A) transfer into H2O and (B) loading with 20 wt % tetracycline. No significant changes in 

morphology or dispersity are observed between the samples. 

 

Figure S3.28. Flow cytometry data of the count number, normalized to ultrapure water, for 

tetracycline (equivalent to 20 wt %), 483 nm nanofibers, and 483 nm nanofibers loaded with 20 

wt % tetracycline. No significant difference in count is observed between the non-loaded and 

loaded nanofiber samples.   

 

Figure S3.29. E. coli growth response curve upon incubation with tetracycline, from 0	𝜇g/mL to 

20	𝜇g/mL, representing an amount equivalent to that loaded onto nanofibers. No MIC was 
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determinable for the above sample, showcasing an ineffective antibacterial activity upon 

incubation with the antibiotic alone.   

 

Figure S3.30. Curves to determine the MIC for each respective sample. (A) Non-loaded 

nanospheres against E. coli. No MIC is determinable, and no bacterial inhibition is observed. (B) 

Non-loaded seeds activity against E. coli. No MIC is determinable. Slight bacterial inhibition is 

observed at 100 𝜇g/mL and 50 𝜇g/mL, however it is not enough to significantly alter the bacterial 

growth. (C) Inhibition curve of nanospheres loaded with 20 wt % tetracycline. The data point from 

the 100 𝜇g/mL concentration was excluded for the purpose of fitting the curve and determining an 

accurate MIC value. The average values obtained at this concentration were 0.198, 0.200, and 

0.182, representing significant bacterial growth inhibition. Each value is the average of a triplicate. 

(D) Inhibition curve of seed nanofibers loaded with 20 wt % tetracycline.  
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Figure S3.31. Brightfield microscopy images upon incubation with nanoparticle samples, relative 

to control bacterial cultures. Dark clusters are assumed to be dead or significantly damaged cells. 

From the images, we can determine that the seed nanofibers both pristine and loaded cause more 

cell damage than loaded nanospheres, which only appear to cause slight damage at 100 𝜇g/mL and 

limit bacterial growth at concentrations below. All scale bars represent 100 𝜇m. 
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4.1 Abstract 

Cancer treatment has transformed in recent years, with the introduction of immunotherapy 

providing substantial improvements in prognoses for certain cancers. However, traditional small 

molecule chemotherapeutics remain as the major frontline of defence, and improving their delivery 

to solid tumors is of utmost importance for improving potency and reducing side effects. Here, 

length-controlled one-dimensional seed nanofibers (ca. 25 nm, ĐL = 1.05) were generated from 

poly(fluorenetrimethylenecarbonate)-b-poly(dimethylaminoethylmethacrylate) via living 

crystallization-driven self-assembly. Paclitaxel, with an encapsulation content ranging from 1-100 

wt%, was loaded onto the preformed nanoparticles by solvent addition and evaporation. Drug 

loading was quantified by dynamic light scattering and transmission electron microscopy. Drug-

loaded vectors were then incubated with U87 MG glioblastoma cells in a 2D cell assay for up to 

72 h, and their anticancer properties were determined. It was observed that seed nanofibers loaded 

with 20 wt% paclitaxel were the most advantageous combination (IC50(nanofiber) = 0.48	 𝜇g/mL	

wherein	IC50(paclitaxel) = 0.11 𝜇M), while pure seed nanofibers with no loaded drug displayed much 

lower cytotoxicity (IC50(nanofiber) = 11.52 𝜇g/mL). The IC50 of the loaded seed nanofibers rivaled 

that of free paclitaxel (IC50(paclitaxel) = 0.15	𝜇M) as well as the commercially approved Abraxane® 

(IC50(abraxane) = 0.46	 𝜇g/mL wherein IC50(paclitaxel) = 0.06 𝜇M). 3D tumor spheroids were then 

cultured and subjected to the same stresses. Live/dead cell staining revealed that once more, seed 

nanofibers with 20 wt% PTX, Abraxane®, and paclitaxel all exhibited similar levels of potency 

(55% viability), whereas control samples exhibited much higher cell viability (70%) after 3 days. 

These results demonstrate that nanofibers contain great potential as biocompatible drug delivery 

vehicles for cancer treatment as they exert a similar anticancer effect to the commercially available 

Abraxane®. 
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4.2 Introduction 

It is well known that cancer has been, and remains, a major threat to health worldwide.1–3 Research 

in this area has been of the highest priority in the last few decades and has realized some of the 

most significant scientific breakthroughs in recent years, with immunotherapy leading the way as 

a new gold standard of treatment.4–6 The increased effectiveness and lower toxicity of these 

treatments make them an attractive alternative to traditional small molecule chemotherapeutics.4 

However, despite their obvious advantages, these newly discovered remedies can suffer from a 

lack of curative ability with tumor recurrences common,7,8 as well as a high cost, which together 

currently impede universal implementation.9 Thus, small molecule chemotherapeutics are still 

considered a frontline defense for cancer therapy, accounting for an estimated 63% of prescribed 

treatments.10,11 While they are widely utilized, these drugs often suffer from poor solubility in 

aqueous media and non-specific action requiring large therapeutic doses to exert an effect, which 

leads to the recognizable and deleterious side effects habitually associated with chemotherapy.12,13 

Therefore, creating drug carriers that can improve the bioavailability, biodistribution, and 

anticancer efficacy of chemotherapeutics is required to ensure these become more tolerable and 

more effective treatment options.10,14,15  

 

Some of the most notable research efforts in this area would be those made to deliver paclitaxel 

(PTX).16,17 This drug suffers from extremely poor water solubility (~ 0.3 𝜇g/mL), yet is effective 

at treating a broad range of cancer types including, but not limited to, Kaposi’s sarcoma, breast, 

ovarian, prostate, gastric, and brain cancers.14,18–20 The non-discriminatory mechanism of action, 

which involves the stabilization of mitotic spindles and thus prevention of cell division, favours 

apoptosis of cancer cells over quiescent healthy cells due to their more rapid rate of division.14,18 
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This makes PTX a potent cancer therapeutic, which is unfortunately associated with several severe 

side effects such as hypersensitivity, nephrotoxicity, and neurotoxicity originating from poor 

water-solubility and bioavailability of the drug.16,21 Many carriers have been developed to enhance 

the solubility of PTX with the aim of reducing the administered dose and associated adverse side 

effects. The first of these newly developed systems was named Taxol®, which contains PTX 

solubilized in a mixture of polyoxyethylated castor oil and ethanol (Cremophor® EL).16,18 While 

this formulation aids solubility, patients must undergo rigorous pre-medication to help reduce side 

effects. The second FDA-approved formulation was named Abraxane® (ABX), which consists of 

PTX encapsulated in an albumin shell, generating spherical particles approximately 130 nm in 

size.18 This development significantly reduced the toxicity associated with PTX administration, 

where patients no longer needed pre-treatments.18 It also helped increase the solubility of the drug, 

allowing for shorter infusion times. However, some clinical trials have demonstrated that a 50% 

higher dose of ABX is required to obtain a better anticancer response relative to Taxol®. In 

addition, some side effects such as neuropathy are still present in patients treated with ABX.18 

 

While ABX is largely considered a success, efforts have not stopped to improve the anticancer 

activity and delivery of PTX to tumor sites through the creation of new delivery vehicles.10,17 

Recently, polymer nanoparticles have emerged as promising drug delivery systems due to their 

chemical modifiability, higher colloidal stability, and their ability to passively or actively target 

cancer cells.22–24 The most successful of these is Genexol-PM®, which consists of a block 

copolymer (BCP) containing a poly(D,L-lactide) core-forming block and a poly(ethylene glycol) 

corona-forming block. This copolymer assembles to form spherical micelles that entrap PTX in 

their hydrophobic core.18 This technology has been approved for clinical use in some countries; 
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however, it is still under development in others. Other approved formulations include Nanoxel® 

and Paclical®. Most carriers are spherical in shape and encapsulate the cargo in their hydrophobic 

core.25–30 Alternative morphologies are also interesting to explore, as this parameter has been 

deemed critical for influencing nanoparticle biodistribution and blood circulation time.31,32 Discher 

and coworkers reported the use of filomicelles containing a poly(𝜀-caprolactone) core and 

poly(ethylene oxide) corona to deliver PTX.33 They compared the activity relative to analogous 

nanospheres and discovered that the filomicelles were twice as effective at loading PTX.33 

Additionally, they demonstrated that both filomicelles and spherical nanoparticles were less toxic 

than Cremophore-EL® and had five times higher anticancer activity.33 Despite these successes, 

relatively few polymer nanoparticles have reached clinical trials. This may be in part because most 

are prepared by methods that lack control over the resulting nanoparticle morphology and size 

distribution.17,34,35 These differences can cause discrepancies in the observed biological effect, 

resulting in differential activity in vivo relative to in vitro.31,36 Therefore, controlling the shape of 

nanomaterials is particularly important when designing effective and predictable drug-carriers. 

 

Living crystallization-driven self-assembly (CDSA) has been proven to yield monodisperse 

polymer nanoparticles of controlled size and shape, allowing access to less commonly obtained 

morphologies such as one-dimensional (1D) nanofibers and two-dimensional (2D) 

nanoplatelets.37–42 This morphological space is afforded by the use of a BCP consisting of a 

crystalline core-forming block and a hydrophilic corona-forming block.38,43–45 The morphology of 

the final assembly can be controlled by tuning the relative block ratios between the core- and 

corona-forming blocks in the BCP. In these systems, ratios closer to 1:1 yield 2D nanoplatelets, 

and ratios approaching 1:10 (core:corona) form 1D nanofibers.39,41 In the case of 1D nanofibers, 
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upon introduction of a poor solvent for the core, crystallization occurs to generate long and 

polydisperse nanofibers. These nanofibers are then susceptible to mechanical stress and can be 

sonicated to yield short nanofibers commonly termed “seeds” (ca. 25 nm in length).46,47 The rate 

of fragmentation is proportional to the nanofiber length, with longer nanofibers undergoing 

scission more rapidly than shorter ones.46 The end result is seeds that are relatively uniform in 

length, with dispersities regularly found between 1.1 and 1.2. An interesting feature of these seeds 

is that they contain crystalline termini which remain active to epitaxial growth upon the addition 

of further dissolved polymer, commonly known as “unimer”. In this case, the rate of elongation is 

approximately equal for all seeds, resulting in nanofibers of a controlled length that is directly 

proportional to the unimer/seed mass ratio.37,38,47 This method has been used to generate length-

controlled and morphologically pure nanofibers using a diverse set of core- and corona-forming 

blocks finding applications in electronics, catalysis, and nanomedicine.44,48–55  

 

Previous work in our group has explored a BCP consisting of a biodegradable 

poly(fluorenetrimethylenecarbonate) (PFTMC) core-forming block and a cationic 

poly(dimethylaminoethylmethacrylate) (PDMAEMA) water-soluble corona-forming block for 

biomedical applications.49,56–58 This BCP has been demonstrated to undergo living CDSA in 

mixtures of tetrahydrofuran (THF) and methanol (MeOH) as well as THF and ethanol (EtOH) 

(both 1:4 v/v) depending on the relative block ratios. The resulting nanofibers demonstrate 

sufficient colloidal stability in water. The cationic PDMAEMA corona present in the micelles 

mediates electrostatic cellular interactions with both anionic mammalian and bacterial cell 

membranes.49,56 We have demonstrated that the corona in these fibers can complex nucleic acid 

cargo and deliver it to cancer cells, resulting in high levels of protein expression. In addition, we 
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have shown that small nanoparticles exhibit higher levels of cell and tumor uptake.49,59 In this 

work, we aim to demonstrate the application of these 1D nanofibers in cancer therapy when loaded 

with chemotherapeutics.  

 

Herein, we report the non-covalent loading of PTX at the core-corona interface of nanofiber seeds, 

composed of PFTMC26-b-PDMAEMA424, approximately 26 nm in length. The loaded nanofibers 

were then evaluated for anticancer activity against U87 malignant glioma (MG) glioblastoma 

(GBM) cells relative to non-loaded seeds of identical composition and length, free PTX, and ABX 

in a 2D model over the course of 72 h. Different loading percentages were prepared to determine 

the maximum loading capacity of the seeds and the amount of loaded PTX corresponding to the 

highest anticancer activity. The best performing system (seeds + 20 wt% PTX) was carried through 

to the next stage of experiments which involved evaluating the anticancer activity in a patient-

derived GBM 3D tumor spheroid model, allowing for more accurate results to be obtained for 

prediction of in vivo activity. In this context, the drug-loaded nanofibers were compared to pristine 

seeds, free PTX, and ABX to determine their potential as a PTX drug delivery system.  

  

4.3 Results 

4.3.1 – Synthesis of PFTMC26-b-PDMAEMA424 and generation of low dispersity, 

short nanofibers 

PFTMC26-b-PDMAEMA424 (number-average molar mass Mn = 87,900 g/mol, as determined via 

1H NMR; molar mass dispersity ĐM = 1.16, as established by gel permeation chromatography, 

Figure S4.1, Table S4.1) was synthesized via ring-opening polymerization of spiro[fluorene-9,5′-

[1,3]-dioxan]-2′-one monomer to yield the core-forming block, followed by reversible addition-
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fragmentation chain transfer polymerization of 2-(dimethylamino)ethyl methacrylate to generate 

the corona-forming PDMAEMA block, as reported previously.58 The PFTMC core-forming block 

degree of polymerization was determined via matrix-assisted laser desorption/ionization mass 

spectrometry as well as by 1H NMR integration of the chain-transfer agent signals relative to the 

PFTMC signals. The corona-forming PDMAEMA degree of polymerization in the resulting BCP 

was determined by 1H NMR integration of the PFTMC aromatic region relative to the coronal 

segment. This BCP has been previously demonstrated to undergo robust CDSA in THF:EtOH 

solvent mixtures (1:4 v/v).58  

 

Previous studies examining the length-dependence of self-assembled PFTMC-b-PDMAEMA 

nanofibers on DNA complexation and delivery to cancer cells elucidated that short nanofibers (ca. 

25 nm), often referred to as “seeds”, are superior to longer nanofibers at delivering cargo to 

cells.49,58 Therefore, in this work, PFTMC26-b-PDMAEMA424 was first dissolved in THF at a 

concentration of 20 mg/mL. An aliquot of this solution was then added to EtOH as the selective 

solvent, driving the self-assembly into length-disperse nanofibers (1 mg/mL) as visualized by 

transmission electron microscopy (TEM) (Figure 4.1). These polydisperse nanofibers were then 

sonicated for 3 h, resulting in the formation of seed nanofibers 25 nm in length (length dispersity 

(ĐL) = 1.10, Table S4.2). The seed nanofibers were transferred into water by solvent addition-

evaporation, resulting in final seed nanofibers of 26 nm in length (ĐL = 1.05) as determined by 

TEM (Figure 4.1, Table S4.2). 
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Figure 4.1. General schematic for the formation of PFTMC26-b-PDMAEMA424 nanofibers in 

THF/MeOH and representative TEM micrographs of the long polydisperse fibers as well as their 

corresponding seed fibers. Each sample is stained with 3 wt% uranyl acetate in EtOH. 

4.3.2 – Loading of PTX at the core-corona interface of seed nanofibers 

4.3.2.1 – Evaluation of maximum drug loading by DLS 

Achieving adequate drug-loading in crystalline-core nanoparticles is a key challenge these types 

of systems face. Traditionally, cargo is covalently attached to the coronal chains, which can create 

issues with drug release and modification of cell-binding properties.60 Conversely, non-covalent 

cargo loading strategies have yielded lower-than-desirable loading capacities relative to cargo 

encapsulation in nanomaterials with an amorphous core.61 Previous reports by our group describe 

a non-covalent loading procedure based on cargo addition to preformed nanoparticles followed by 

solvent evaporation.61,62 This process relies on cargo that is soluble in organic solvents and 



 
 

190 
 
 
 

insoluble in water. The cargo is solubilized in the selective solvent for the corona (EtOH) of the 

nanofibers and is added to preformed nanofibers in THF/EtOH. As water is added and the organic 

solvent is allowed to evaporate, the hydrophobic cargo is driven to the interface between the 

hydrophobic core and the hydrophilic corona of the nanofibers due to the hydrophobic effect. 

Recently, we were able to increase the maximum loading capacity from 1 wt% of Nile Red to 20 

wt% of tetracycline on ca. 100 nm nanofibers.63 This was largely possible through the use of 

dynamic light scattering (DLS) which is emerging as a powerful tool to quantify drug-loading.64 

Quantification of drug loading can be laborious, requiring either fluorescence detection or 

complicated removal of the nanoparticles from the drug solution which can give inaccurate results 

of the loading capacity. In contrast, DLS does not require removal of nanoparticles from the 

solution or the use of dialysis, ensuring that the concentration of nanoparticles present remains 

constant. Therefore, to investigate the maximum loading capacity of seed nanofibers for PTX 

delivery, the water addition/solvent evaporation procedure was utilized to load PTX at percentages 

from 10 – 80 wt%, and the results were monitored by DLS. Briefly, the nanofibers were kept in 

their organic self-assembly solvent (in this case, THF:EtOH 1:4 v/v) while the PTX was solubilized 

in EtOH at a concentration of 1 mg/mL. The drug solution (10 - 80 𝜇L) was then added to the 

nanofibers (100 𝜇L, 1 mg/mL). Finally, an excess amount of water (150 – 200 𝜇L) was added to 

the combination and the organic solvents were allowed to completely evaporate (Figure 4.2). In 

this method, if excess therapeutic is present in the solution and is not loaded, it will aggregate and 

be detectable by DLS allowing for determination of the maximum loading capacity. 
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Figure 4.2. General schematic of drug loading procedure employed. PTX is dissolved in EtOH 

and is added to the nanofiber self-assembly solvent mixture. Water is then slowly added, and the 

organic solvent is allowed to evaporate. This results in localization of the drug at the core-corona 

interface of the fibers, as shown by the representative cross-section. 

 
Measurements were taken by the addition of 10 𝜇L of the loaded nanofiber solution into 40 𝜇L of 

40 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) buffer (pH 7.4). Pristine 

26 nm nanofibers displayed a hydrodynamic radius (Rh) of 126 nm, whereas the Rh of free drug 

equivalent to 20 wt% loading (200 𝜇g/mL) was determined to be 1439 nm, indicating the presence 

of large drug aggregates in solution (Figure 4.3). This is unsurprising, as PTX is poorly soluble in 

water (0.3 𝜇g/mL).18 At 10, 20, and 30 wt% drug loading, the Rh largely matched that of the non-

loaded nanofibers (117 nm, 124 nm, and 126 nm, respectively) (Figure 4.3A,B). As the loading 

amount was increased to	40, 60, and 80 wt%, the size began to deviate (Rh = 156 nm, 243 nm, 

1039 nm respectively), and the distribution broadened (Figure 4.3B, S4.2). These results indicated 

that at 40 wt%, the PTX likely begins to unload from the nanofibers.  
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Figure 4.3. Hydrodynamic radius of the drug-loaded nanoparticles relative to non-loaded seed 

nanofibers and free PTX (blue trace). PTX loadings of 10 (teal trace) and 20 wt% (dark purple 

trace) overlap well with that of non-loaded nanofibers (pink trace). The hydrodynamic radius of 

assemblies with 30 (light purple trace) and 40 wt% (black trace) PTX loading, where the size 

begins to deviate from that of the nanofibers themselves. This indicates less close association 

between the nanofibers and the drug molecules.  

4.3.2.2 – Investigation of drug loading by TEM 

We were also interested in determining if TEM is a viable method to evaluate drug loading. To do 

so, a sample of pure PTX in water was prepared at a concentration of 200 𝜇g/mL, as well as a pure 

seed solution at 1 mg/mL and PTX-loaded seeds from 1 wt% to 100 wt% at a seed concentration 

of 1 mg/mL (Figure S4.3). Each sample was stained using a 3 wt% uranyl acetate solution in EtOH 

to provide sufficient contrast. As PTX is highly insoluble in water, large platelet-like needles were 

observed throughout the entire sample, as visualized by TEM (Figure 4.4A). Interestingly, these 

structures never reappeared regardless of PTX loading content even at 100 wt% loading on the 
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nanofibers (Figure 4.4B,C, S4.3). The seeds retained their shape and no PTX was evident either 

on the seeds or surrounding them. Therefore, the presence of seed nanofibers appears to 

sufficiently disrupt the assembly of the pure drug structures into very large aggregates. We 

postulate that the nanofibers may partially solubilize the drug through association, leading to the 

larger hydrodynamic radius visible via DLS, yet no structures large enough to be visible by TEM.  

 

Figure 4.4. TEM micrographs to monitor drug loading in the nanofiber seeds. Large platelet-type 

structures are observed when PTX is in the absence of seed nanofibers at a concentration of 200 

ug/mL (A). In contrast, at 1 wt% loading (B) and even 100 wt% (C), these PTX structures are not 

found in the samples when nanofibers are present. 

4.3.3 – PTX delivery to U87 MG GBM cells over 72 h in a 2D cell model 

While we were quite confident that 20 wt% was the highest loading capacity possible for PTX in 

our nanofibers, we also wished to investigate if the entire drug amount was required to be loaded 

to exert a high anticancer effect. Therefore, samples were prepared of non-loaded seeds as well as 

PTX-loaded seeds at 1, 10, 20, 30, 40, 60, 80, and 100 wt% PTX. GBM cells were utilized as a 

cell type that is susceptible to the action of PTX30,65,66 and is also capable of forming 3D tumor 

spheroids, which would allow for comparisons between 2D and 3D cancer cell models.67–69 2D 

cell culture experiments are the standard method for evaluating a primary level of activity for any 
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nanoparticular system. However, it is becoming widely understood that 2D models do not 

accurately represent the tumor micro-environment and do not allow cell-cell interactions to occur 

or represent realistic particle penetration into the body of a tumor. This results in many developed 

nanoparticle-based drug delivery vehicles not reaching their clinical potential, and thus 

comparisons to 3D models are particularly desirable.70 Cells were seeded at 10,000 cells/well and 

allowed to adhere to microwell plates overnight, at which point the cell media was replaced and 

the samples were applied. Drug-loaded and non-loaded seeds were applied at concentrations 

ranging from 0.1 – 25 µg/ml. Each sample was evaluated in triplicate, with cell viability 

determined via an alamarBlue™ metabolic assay. The IC50 for each loading was assessed after 24 

h, 48 h, and 72 h. 

 

Upon analysis of cell viability after 24 h of incubation with PTX-loaded nanofibers, those 

containing no PTX did not demonstrate noticeable toxicity at concentrations below 4 µg/ml, with 

an IC50 of 9.52 𝜇g/mL obtained. The IC50 of the nanofibers gradually decreased as the loading % 

increased to 20 wt%, which exhibited the lowest IC50 (2.06 𝜇g/mL, Figure 4.5,  

Table 4.1.). At all drug loadings higher than 20 wt% of PTX, the IC50 increased to values between 

2.69 - 3.86 𝜇g/mL (Figure 4.5, Table 4.1). Upon observation after 72 h of incubation, the IC50 of 

nanofibers with no PTX increased further to 11.52 𝜇g/mL. The IC50 of 20 wt% loaded seeds was 

again the lowest at 0.48 𝜇g/mL, with all other loading contents showcasing higher IC50 values 

(Figure 4.5, S4.4, Table 4.1, S4.3). Upon comparison of the relative amounts of PTX present in 

each sample, it becomes clear that full loading of the drug is necessary to exert the desired effect. 

The 30 - 80 wt% drug-loaded samples, after 72 h incubation, exhibit the highest IC50 values yet 

contain the greatest amount of PTX (Figure S4.4, Table S4.3). In contrast, samples that contain 20 



 
 

195 
 
 
 

wt% PTX and below demonstrate the most potent specific anticancer activity (Figure 4.5). 

Interestingly, the 1 wt% drug-loaded sample exhibits an extremely low IC50 of PTX (0.04 𝜇M), 

indicating very effective delivery of the chemotherapeutic drug. However, large amounts of seed 

nanofibers would be required to exert the desired anticancer efficacy, as indicated by the much 

higher overall IC50 of 3.12	𝜇g/mL. Similarly, the nanofibers containing 10 wt% PTX demonstrate 

an IC50 of 0.07 𝜇M (on the basis of PTX), similar to that recorded for nanofibers with 20 wt% PTX 

(0.11 𝜇M). The IC50 values were also identified for free PTX solubilized in DMSO, as well as 

ABX. After 24 h of incubation, both ABX and PTX exhibited high IC50 values, with the value for 

ABX being incalculable, and that of PTX being 13.21 𝜇M (Figure 4.5,  

Table 4.1.). The potency improved over the course of 72 h, with IC50 values of 0.06 𝜇M and 0.15 

𝜇M for ABX and PTX, respectively. These correspond to IC50 values of PTX and Abraxane® that 

have been previously reported for PTX/ABX treatment of U87 MG GBM cells (Figure 4.5, Table 

4.1).65,71–73 These experiments demonstrate that the 20 wt% drug-loaded sample could deliver the 

most PTX while requiring the least amount of carrier to exert a reasonable anticancer efficacy. As 

a result, this drug delivery composition was carried forward for the 3D cell culture experiments. 

Furthermore, these results indicated that observation after 3 days of incubation is necessary to 

visualize the full effect of the drug delivery system. 
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Figure 4.5. Cell viability curves utilized to calculate IC50 values for each evaluated sample. Cell 

viability after incubation with drug-loaded nanofibers after (A) 24 h (B) 48 h and (C) 72 h. Charts 

D, E, and F indicate cell viability upon incubation with ABX or free PTX after (D) 24 h, (E) 48 h, 

and (F) 72 h. Each experiment was performed in triplicate. Standard deviations for all IC50 values 

can be found in Table S4.4. 
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Table 4.1. IC50 values calculated for samples at a given concentration of PTX, recorded over 72 

h. PTX IC50 values represent the equivalent amount of PTX to which the nanofiber IC50 

corresponds. Standard deviations for all IC50 values can be found in Table S4.4. 

 
 4.3.4 – PTX delivery to 3D patient-derived GBM cell spheroids over 3 days 

A 3D tumor spheroid model was used to enable more accurate quantification of PTX delivery and 

anticancer activity relative to the 2D models. Primary GBM cells have been previously 

demonstrated to form 3D tumor spheroids consistently74–77 and thus, were selected for inoculation 

with each sample. Cell culture flasks were seeded with primary patient-derived GBM single cells 

in DMEM/F12 media at 100k cells/mL. After 3 days, Aggrewell™ plates (STEMCELL 

Technologies) were seeded at a cell concentration of 900k cells/well, or 3000 cells/microwell, to 

promote the formation of well-defined tumor spheroids. The well plates were then incubated for 3 

days to enable all the cells to integrate properly into spheroids. On day 3 of incubation, the 

spheroids were exposed to the samples of interest. Finally, after 3 further days of incubation, the 

cell culture media was replaced with live/dead stain (Invitrogen), and the samples were imaged 

after a 30-minute incubation at 22 ℃. 

 

PTX IC50 [𝝁𝐌]Nanofiber IC50 [𝝁g/mL]

72 h48 h24 h72 h48 h24 hSample (wt % PTX)
---11.3710.229.520

0.040.050.053.124.124.561
0.070.200.320.571.722.7210
0.110.260.480.481.132.0620
0.240.720.950.692.052.7030
0.150.2613.21---Free PTX
0.060.23undefined0.461.78-Abraxane
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Images were taken of a minimum of 3 different spheroids using brightfield microscopy and 

fluorescence filter microscopy to visualize the calcein-AM (live) and ethidium homodimer-1 

(dead) fluorescence. Fluorescence intensities were measured in FIJI software and the corrected 

total cell fluorescence was calculated by subtracting the background fluorescence according to 

equation S3. The total calcein-AM and ethidium homodimer-1 fluorescence was summed for each 

individual spheroid, and the percentage of live cells and dead cells was calculated. This ensures 

that any discrepancies in the relative amounts of live/dead stain between wells are accounted for. 

Each sample’s mean percentage of live and dead cells was then compared. 

 
The evaluated samples included spheroids incubated only in the presence of cell culture media, 

pristine nanofiber seeds, nanofiber seeds loaded with 20 wt% PTX, free PTX solubilized in 

DMSO, and ABX. For these experiments, the concentration of PTX was kept constant to enable 

conclusions to be drawn about the capabilities of the drug delivery vectors themselves. The 

application of samples did not disrupt the tumor spheroid formation or their overall shape, with all 

spheroids retaining their normal appearance. Control cells grown in the presence of solely 

DMEM/F12 media exhibited 70% viability after incubation for 3 days (Figure 4.6, S4.5). Those 

incubated with non-loaded seed nanofibers (4 µg/mL) displayed identical levels of viability at 70% 

(Figure 4.6, S4.6). In contrast, all samples containing PTX exhibited much lower levels of cell 

viability with PTX at 56% (Figure 4.6, S4.7) and ABX (Figure 4.6, S4.8) as well as 20 wt% PTX-

loaded seed nanofibers (Figure 4.6, and S4.9) at 55% cell viability after 3 days. These results 

demonstrate that seed nanofibers alone do not display high toxicity in a 3D model at the 

concentrations tested. However, upon encapsulation of seed nanofibers with 20 wt% PTX at their 

core-corona interface, much higher potency that rivals that of a commercially approved treatment 
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is observed. The nanofibers can deliver the same amount of PTX as ABX while requiring a smaller 

amount of carrier (10 wt% vs. 20 wt% loading for ABX and nanofibers, respectively).78 This can 

potentially reduce the side effects of administered PTX or enable higher contents of PTX to be 

delivered using the same amount of carrier.  
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Figure 4.6. Representative images of 3D tumor spheroids captured on a Cellcyte imager at 10 x 

magnification. Spheroids shown are those incubated in DMEM, with pristine seeds, and with seeds 
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loaded with 20 wt% PTX. Green fluorescence represents live cells, whereas red fluorescence 

represents dead cells. All scale bars represent 200 µm. 

 
4.4 Discussion 

In this work, we have reported the application of PFTMC26-b-PDMAEMA424 seed nanofibers for 

use as cancer therapeutic drug delivery vehicles. Investigation of the maximum drug loading 

capacity of these nanofibers was performed by DLS and TEM measurements. By examining the 

average hydrodynamic radius, it was determined that 20 wt% is the highest amount of PTX that 

can be loaded onto the nanofibers, with amounts higher than 20 wt% exhibiting a shift away from 

the natural size of the nanofibers. TEM analysis revealed that as long as some nanofibers are 

present in solution, the PTX is solubilized enough to prevent the formation of large crystalline 

aggregates observed in the control PTX TEM images. This is confirmed in the DLS data where, 

even at 80 wt% PTX loading, a second size population that would correspond to the free PTX 

hydrodynamic radius was never observed.  

 
Toxicity studies on 2D monolayer cell cultures were performed to verify this proposed maximum 

loading capacity and to investigate if the entirety of the drug must be loaded to exert a potent 

anticancer effect. The best performing system matched the maximum loading capacity, i.e. seed 

nanofibers loaded with 20 wt% of PTX. While systems with higher PTX loadings also displayed 

relatively low IC50 values, the IC50 of the equivalent PTX was much higher indicating ineffective 

delivery of PTX. In contrast, while lower PTX loadings did not display very potent overall IC50 

values, the IC50 value for the PTX contained in the drug-nanofiber conjugate was much lower, 

even more so than that measured at 20 wt% of PTX. While these appear to deliver PTX incredibly 
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effectively, this is offset by the requirement of a larger amount of carrier to be used. A few 

important differences are noted upon comparing the loaded seed nanofiber samples with PTX and 

ABX. Primarily, after 24 h of incubation, the nanofiber IC50 values are all relatively low and 

experience a gradual further decrease over the subsequent 48 h. In stark contrast, both the PTX 

and ABX exhibit high IC50 values after 24 h with no IC50 defined for ABX after 24 h. These then 

become much more active over the next 48 h and exhibit IC50 values similar to those of our drug-

loaded nanofibers. These results demonstrate that the seed nanofibers deliver PTX more efficiently 

than ABX and that the anticancer activity persists over a period of at least 3 days. 

 
Finally, the anticancer properties of 1D seed nanofibers relative to ABX and PTX were evaluated 

in a more biologically relevant patient-derived GBM 3D cell model. Spheroids formed well over 

the span of 3 days after which they were exposed to PTX-containing samples and non-loaded 

nanofiber seeds. As PTX requires time to exert its anticancer effect (prevention of cell division), 

and all treatments were active after 72 h, spheroids were imaged three days post-inoculation. 

Spheroids incubated in DMEM/F12 media were used as a baseline level of viability, which was 

found to be 70%. Pristine seed nanofibers exhibited almost the same level of viability (70%) 

indicating that no adverse effects are present due to the seeds themselves at the concentrations of 

interest. Spheroids incubated with seeds loaded with 20 wt% PTX, ABX, and free PTX were then 

evaluated. The spheroids were exposed to the same concentration of PTX in each case, and thus, 

only the amount of carrier (or DMSO in the case of free PTX) was effectively varied. All the PTX-

containing samples exhibited the same level of viability (~55%), a reduction of approximately 

15% from control samples. Notably, we demonstrate that the 1D seed nanofibers exhibit an 

advantage over the traditional ABX carrier. As the loading capacity of the seed nanofibers is 
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approximately double that of ABX (20 wt% vs. 10 wt%), we delivered the same amount of PTX 

using half the amount of the carrier. As no cytotoxicity is observed for the seeds alone at these 

concentrations, this may be promising for lowering PTX-associated side effects. In turn, 1D seed 

nanofibers could deliver twice the amount of PTX for a given amount of ABX. This should 

increase the anticancer efficacy of PTX delivered by seed nanofibers compared to ABX. 

Additionally, upon comparisons between the performance of each treatment in 2D and 3D models, 

important differences are observed. After 72 h of incubation with ABX in a 2D cell model, the 

IC50(paclitaxel) was found to be 0.06 µM. In contrast, the IC50(paclitaxel) of 20 wt% loaded seed 

nanofibers was 0.11 µM. The overall IC50 values of each carrier was approximately the same (0.46 

µg/mL vs 0.48 µg/mL for ABX and loaded seed nanofibers, respectively). This means that in the 

3D model when the concentration of PTX is kept constant (0.8 µg/mL), we would expect the ABX 

to possess a higher anticancer activity. This is not what is observed and instead the effect is 

identical. Thus, the 1D nanofibers more effectively deliver the PTX in 3D models over 2D models 

likely due to their small size and advantageous 1D shape, allowing for better penetration into the 

tumor. In summary, in the 2D cell model, more PTX was required in loaded seed nanofibers 

relative to ABX to exert the desired effect. In the 3D model, the same amount of PTX was utilized 

to obtain an identical anticancer effect, showcasing the advantageous properties of 1D nanofibers 

for obtaining desirable delivery properties in more complex cell environments. Therefore, 1D seed 

nanofibers are a promising alternative delivery vehicle for PTX as the anticancer properties 

demonstrated in this article rival that of the commercially available and widely employed 

treatment, ABX, with several promising advantages. 
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4.5 Conclusion 

Herein, we describe PFTMC26-b-PDMAEMA424 seed nanofibers as cancer therapeutic drug 

delivery vehicles, with activity that rivals the commercially approved ABX. The maximum drug 

loading capacity of ca. 25 nm seed nanofibers was explored through DLS and TEM and was found 

to be 20 wt%. It was determined that full drug loading is required for optimum anticancer activity 

of drug-loaded seed nanofibers. In addition, seed nanofibers with no added therapeutic proved to 

be non-cytotoxic up to 4 𝜇g/mL. PTX-loaded seed nanofibers were found to exert anticancer 

activity more quickly (beginning on day 1) than the traditional therapy ABX and free PTX (effect 

observed on day 2). Lastly, it was found that when PTX concentration was kept constant, 1D seed 

nanofibers were equally as effective as ABX at delivering PTX to the tumor. As the drug loading 

capacity for seed nanofibers is twice as much as ABX, we expect twice as much PTX to be 

deliverable to cancer cells using seed nanofibers compared to ABX. Therefore, the degradable and 

biocompatible drug-loaded polymer nanofibers presented herein should help lower the unwanted 

side effects normally associated with PTX treatment.  

 
4.6 Supporting Information 

4.6.1 General considerations 

The synthesis and characterization of PFTMC26-b-PDMAEMA424 have been previously reported 

by Street et al. and Parkin et al.58,63 The PFTMC homopolymer degree of polymerization was 

determined by matrix-assisted laser desorption/ionization mass spectrometry and the coronal-

block degree of polymerization was determined by integrations of coronal block peaks in 1H NMR 

relative to peaks of the PFTMC block. RAFT-CTA was dried via vacuum desiccation over 

phosphorus pentoxide prior to use. Paclitaxel was purchased from Sigma-Aldrich (Canada). All 

other reagents and solvents were purchased from Sigma-Aldrich (Canada), Combi-Blocks (USA), 

VWR (Canada), or Fisher Scientific (Canada) and used without further purification. Solvents for 
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self-assembly were HPLC grade and were filtered through PTFE, nylon, or cellulose filters with a 

pore size of 200 nm before use. 

4.6.2 Instrumentation 

Gel permeation chromatography (GPC) 

Gel permeation chromatograms were acquired on a Malvern OMNISEC triple-detector (refractive 

index, UV-Vis photodiode detector, light scattering detector and viscometer) chromatograph. 

Prepared samples were of 1 mg/mL concentration in HPLC grade THF, and were filtered through 

a PTFE filter with a 200 nm pore size prior to measurement. The eluent used was n-Bu4NBr/THF 

(1 % v/v) at a flow rate of 1 mL/min. Two columns were employed, the first of grade T3000 and 

the second of grade T5000, operated at 35 °C. Universal calibration was constructed using a 

polystyrene standard.  

Preparatory Gel permeation chromatography (Prep GPC)  

Preparatory gel permeation chromatography was performed on a Shimadzu Prep GPC equipped 

with a CBM-20A communications bus module, LC-20AP solvent delivery unit, SIL-10AP 

autosampler, CTO-40C column oven, SPD-40 UV-Vis detector, RID-20A refractive index 

detector, and FRC-10A fraction collector. An initial injection of polymer in THF (1 mL, 10 

mg/mL) at a flow rate of 3 mL/min using HPLC grade THF as eluent was used to gather the 

retention times of the species in solution. Using this data, the fraction collector was calibrated to 

separate the desired peaks into separate vials. Subsequent injections (3 mL, 10 mg/mL, 3 mL/min) 

were repeated until the desired volume was collected. The resulting solutions were concentrated 

in vacuo to yield the final polymer. 

Ultrasonication 

Micelle sonication was carried out using a Fisherbrand 112xx series advanced ultrasonic cleaner 

(FB-11203), operated in sweep mode at 80 % power and 37 MHz at 10 °C. 

Transmission electron microscopy (TEM) 

TEM images were obtained on a JEOL 1011 microscope equipped with an 11 Megapixel CCD 

camera, operated at 80 kV. Nanoparticle solutions (1.5 µL, 1 mg/mL) were drop-casted onto a 

carbon-coated copper grid. Uranyl acetate solution (8 µL) in EtOH (3 wt %) was subsequently 

drop-casted on top, and the grids were left to dry overnight. Copper grids (400 mesh) were 
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purchased from Ted Pella. Carbon films (ca. 6 nm) were prepared by carbon sputtering mica sheets 

with a Leica ACE 600 carbon coater. The carbon films were deposited onto copper grids via 

floatation on water and the grids were allowed air dry. 

For micelle length analysis, a minimum of 200 nanofibers were traced manually using the FIJI 

software package. The number average micelle length (Ln) or width (Wn) and weight average 

micelle length (Lw) were calculated using eq. S1-2 from the individual contour lengths (Li) of the 

micelles. Here, Ni is the number of micelles of length Li, and n is the number of micelles examined 

in each sample. The distribution of micelle lengths is characterized by Đ = Lw/Ln. 
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Dynamic Light Scattering (DLS) Measurements 

Dynamic light scattering (DLS) experiments were carried out using a Malvern Zetasizer Pro. 

Aqueous samples for DLS were prepared at 50 𝜇L of 1 mg/mL. The correlation function was 

acquired in real-time and analysed by Cumulant analysis. This process allowed the diffusion 

coefficients for the nanoparticles to be determined. These were expressed as the effective 

hydrodynamic radius (Rh) using the Stokes-Einstein relationship for coated spheres in water 

(Refractive Index = 1.33, Dispersant Viscosity = 0.887, Dispersant Dielectric Constant = 78.5) 

with core properties of polystyrene latex (Refractive Index = 1.590, Absorption = 0.010). For  

4.6.3 Self-Assembly Procedures 

The composition of all solvent mixtures is given as v:v. All nanofibers were ultimately transferred 

into Milli-Q® water via a modified procedure of the preformed-nanoparticle solvent-switch 

loading (PNSL) method as reported by Garcia-Hernandez et al.64 Modifications include slow drop-

wise addition of water from a micropipette, followed by organic solvent evaporation over the 

course of 2 days. No filtration through a syringe filter was performed.  

General self-nucleation procedure 

A solution of diBCP dissolved in THF (unimer) (20 mg/mL – 200 mg/mL) was diluted with an 

appropriate amount of THF. Subsequently, unimer solution was slowly added via a micropipette 

into a selective solvent (EtOH) to yield solutions which had final diBCP concentrations between 

1 mg/mL – 10 mg/mL with 20:80 THF:EtOH solvent ratios. Each solution was manually shaken 
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for ~10 s, agitated using a vortex mixer for ~10 s, and heated to 70 °C for 3 h. The resulting length-

disperse nanofibers were analyzed via TEM. 

General preparation of seed nanofibers 

Length disperse nanofibers (1 mg/mL – 10 mg/mL, 20:80 THF:EtOH) were sonicated for at least 

3 h using a Fisherbrand 112xx series advanced ultrasonic cleaner (FB-11203) for 3 h at 10 °C in 

sweep mode at 37 MHz and 80% power.  The resulting seed nanofibers were analyzed by TEM. 

4.6.4 Cell culture assays 

All cell work was performed in a biological safety cabinet (BSC) using sterile technique. All 

materials were autoclaved and disinfected with 70 % ethanol prior to being placed in the BSC. 

U87 MG human GBM cells (CRL-1573, ATCC) were cultured in Dulbecco’s Modified Eagle 

Medium, high glucose (DMEM, Thermo Fisher), supplemented with 10% fetal bovine serum 

(FBS, Gibco) at 37 °C and 5% CO2. Media changes were performed every two days. Cells were 

passaged at ~80% confluency using 0.25% Trypsin-EDTA (15400054, Thermo Fisher) diluted in 

PBS. Cell counting was performed using the dye exclusion method with Trypan blue on an 

automated cell counter (DeNovix CellDrop FL). Reseeding of cells was performed at a density of 

1.5×104 cells/cm2. Cryopreservation was performed at 1×106 cells/mL density in CryoStor® CS10 

cell freezing medium (STEMCELL Technologies). Vials were first placed in a Freezing container 

(Nalgene) and stored at -80 °C overnight before being transferred to liquid nitrogen. 

2D cell culture 

Solutions of PTX-loaded nanofibers were made up at 10 – 40% w/w (PTX/nanofibers). U87 MG 

cells were seeded in a black-walled 96-well plate in culture medium containing 10% FBS at a 

density of 10,000 cells/well and left to adhere for 24 h. All media was then aspirated and replaced 

with 100 µl of sample or control solutions in FBS-free DMEM. Non-loaded nanofibers or PTX-

loaded nanofibers were used at concentrations ranging from 0.1 – 25 µg/ml. Free PTX or albumin-

NP bound PTX (Abraxane®, Celgene) were used as positive controls. After 24, 48, and 72 h, 

media were aspirated and replaced with 10% alamarBlue™ in DMEM. Plates were incubated for 

2 h, after which fluorescence readings were taken directly from the plate using a microwell plate 

reader (λex = 560/9 nm; λem = 590/20 nm). The absolute half maximal inhibitory concentration 
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(IC50) values were calculated for nanofibers and PTX content in the samples using GraphPad Prism 

10 software by non-linear regression via fitting of a variable slope four-parameter function. 

3D cell culture 

Patient-derived GBM cells were generously provided by Dr. David Nathanson (UCLA, GS54). 

Single cells were expanded in suspension culture in DMEM/F12 media supplemented with 200 

nM GlutaMAX™, 10 U/ml Penicillin/Streptomycin, B27 supplement w/o vitamin A (all Thermo 

Fisher) and 5 µg/ml heparin, 20 ng/ml FGFb and 20 ng/ml EGF (all Gibco). Cells were passaged 

every 7 days using 1x TrypLE (Life Technologies). Following passaging, single cells were seeded 

into 24-well AggreWell™ plates (STEMCELL Technologies), seeded at 900k cells/well, 

equivalent to 3000 cells/microwell, and a volume of 2 mL. Cells were distributed by gentle 

agitation, placed in an incubator at 37 °C, and left undisturbed for 72 h to induce spheroid 

formation. Exposure to PTX-loaded nanofibers, free PTX, or ABX was then performed by 

aspirating 1 mL from each well and gently adding 1 ml of sample solution at 2x concentration to 

achieve the desired final sample concentration. Samples analyzed 3 days after application. 

Live/Dead staining of spheroids 

GBM spheroids treated with nanofibers, PTX, or ABX were stained for live and dead cells using 

a 2 μM Calcein-AM and 3 µM Ethidium homodimer-1 (both Invitrogen) staining solution in PBS. 

1 mL of cell culture medium was gently aspirated and replaced with the staining solution to achieve 

the final concentration. 

Cellcyte or Cytation 5 Imaging Procedure 

Brightfield and fluorescence images were taken either on a Cellcyte X™ or Biotek Cytation 5 

multimode plate reader, 30 minutes post-addition of live/dead stain. The images were taken of the 

microwell plate directly, with the lid on. Imaging on the Cytation was performed at 4 x and 20 x 

magnification on a minimum of 12 separate spheroids at 4 x and 3 separate spheroids at 20 x. The 

green fluorescence protein filter (λex = 469/35 nm; λem = 525/39 nm) was employed for measuring 

fluorescence intensity from calcein-AM, and the Texas Red fluorescence filter (λex = 586/15 nm, 

λem = 647/57 nm) was utilized for measuring fluorescence from Ethidium Homodimer-1. All 

settings were kept constant between samples. Imaging on the Cellcyte was performed at 10 x 

magnification, and a minimum of 3 spheroids were imaged continuously over the course of 3 h. 
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Green fluorescence was measured at an excitation of 473/91 nm and emission of 502/61 nm, and 

red fluorescence was measured at an excitation of 580/98 nm and an emission of 612/80 nm. The 

first timepoint was selected for calculation of the corrected total fluorescence. All settings were 

kept constant between samples. 

Calculation of corrected total cell fluorescence (CTCF) 

Spheroid images were opened in FIJI software. The red and green fluorescence of 3 separate 

spheroids was measured, along with 3 separate areas of the background. To calculate the corrected 

total cell fluorescence, eq. S3 was utilized. From the integrated density (given by FIJI), the 

multiplication product of the cell area and the mean of the background readings was subtracted. 

The sum of the green and red fluorescence was calculated for each spheroid, and the percentage 

of each relative to the total fluorescence was computed. The standard deviation was then calculated 

for the three separate percentages, giving an average red:green ratio, which gave a value for percent 

alive, versus percent dead cells.  

𝐶𝑇𝐶𝐹 = 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑	𝑑𝑒𝑛𝑠𝑖𝑡𝑦 − (𝑎𝑟𝑒𝑎	𝑜𝑓	𝑐𝑒𝑙𝑙 × 𝑚𝑒𝑎𝑛	𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑	𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒) 

(eq. S3) 

4.6.5 Supplementary Tables 

Table S4.1. Summary of molar mass data for PFTMC26-b-PDMAEMA424 polymer.58,63 Data is 

reproduced with permission from the Royal Society of Chemistry, and American Chemical 

Society.63 

 
 

 

 

Polymer
Mn (g/mol) 

GPC

Mw (g/mol) 

GPC
ĐM GPC DPn NMR

Mn (g/mol) 

NMR

DPn MALDI-

TOF

PFTMCm-b-
PDMAEMAn

87,900 102,100 1.16
m = 26

n = 424
73,500 m = 26
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Table S4.2. Summary of self-assembly data for PFTMC26-b-PDMAEMA424 nanofibers.58,63 Data 

is reproduced with permission from the Royal Society of Chemistry, and American Chemical 

Society. 

 

  

Table S4.3. IC50 values for nanofiber samples loaded with given amounts of PTX, over the course 

of 72 h, with measured relative PTX IC50 values for each respective sample. 

  

Table S4.4. IC50 values for all samples trialed, with their calculated standard deviation values 

included.  

 

Lw/Ln in water via TEM
Length in Water (nm) via 

TEM

Length in THF/EtOH (nm)

via TEM
Morphology

1.0526 ± 625 ± 8Nanofiber

PTX IC50 [𝝁𝐌]Nanofiber IC50 [𝝁g/mL]

72 h48 h24 h72 h48 h24 hSample (wt % PTX)
---11.37 ± 0.2610.22 ± 0.259.52 ± 0.230

0.04 ± 0.000.05 ± 0.000.05 ± 0.003.12 ± 0.064.12 ± 0.074.56 ± 0.211
0.07 ± 0.000.20 ± 0.010.32 ± 0.020.57 ± 0.021.72 ± 0.082.72	± 0.1810
0.11 ± 0.010.26 ± 0.030.48 ± 0.070.48 ± 0.021.13 ± 0.132.06	± 0.2820
0.24 ± 0.050.72 ± 0.090.95 ± 0.030.69 ± 0.132.05 ± 0.262.70 ± 0.0830
0.37 ± 0.070.98 ±	0.121.37 ± 0.050.78 ± 0.142.10 ± 0.272.92 ± 0.1140
0.60 ± 0.030.74 ± 0.151.89 ± 0.280.86 ± 0.041.06 ± 0.222.69 ± 0.3960
0.71 ± 0.081.73 ± 0.142.77 ± 0.110.76 ± 0.091.85 ± 0.152.96 ± 0.1280
0.70 ± 0.022.41 ± 0.024.52 ± 0.020.60 ± 0.182.06 ± 0.183.86	± 0.21100
0.15 ± 0.070.26 ± 0.0213.21 ± 5.27---Free PTX
0.06 ± 0.000.23 ± 0.04undefined0.46 ± 0.031.78 ± 0.31-Abraxane

PTX IC50 [𝝁𝐌]Nanofiber IC50 [𝝁g/mL]

72 h48 h24 h72 h48 h24 hSample (wt % PTX)
0.370.981.370.782.102.9240
0.600.741.890.861.062.6960
0.711.732.770.761.852.9680
0.702.414.520.602.063.86100
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4.6.6 Supplementary Figures 

 
Figure S4.1. GPC chromatograms (refractive index detector) of PFTMC26 homopolymer (black 

trace) and PFTMC26-based block copolymer (pink trace), measured in n-Bu4NBr/THF. Figure 

reproduced with permission from the Royal Society of Chemistry.58 
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Figure S4.2. Average hydrodynamic radius by number (%) of drug-loaded seed nanofiber 

samples. At 60 and 80 wt % we observe deviations from the pure seed nanofiber size. 
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Figure S4.3. Representative TEM micrographs of free PTX (200 ug/mL) relative to loaded seed 

nanofiber samples from 1 wt % to 100 wt %. All samples are stained with 3 wt % uranyl acetate 
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in EtOH. Large crystalline aggregates of PTX are observed in the absence of seed nanofibers, 

which fail to reappear even at high loading percentages. 
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Figure S4.4. Cell viability curves utilized to calculate IC50 values for seeds loaded with ≥ 40 wt 

% PTX over (A) 24 h, (B), 48 h, and (C) 72 h. 
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Figure S4.5. Three distinct GBM tumor spheroids with no treatment in DMEM/F12 cell culture 

media, stained with calcein-AM and ethidium homodimer-1. All scale bars represent 200 µm. 

Calcein AM Ethidium Homodimer-1Brightfield
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Figure S4.6. Tumor spheroids upon incubation with seed nanofibers (0 wt % PTX) and stained 

with calcein-AM and ethidium homodimer-1. All scale bars represent 200 µm 
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Figure S4.7. GBM tumor spheroids upon incubation with free PTX solubilized in H2O/DMSO (5 

%). Images were taken using a Cytation 5 plate reader at 4x magnification. Calcein-AM 

fluorescence was detected with a green fluorescence protein fluorescence filter, and ethidium 

homodimer-1 fluorescence was detected with a Texas Red fluorescence filter. All scale bars 

represent 200 𝜇m. 
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Figure S4.8. GBM tumor spheroids upon incubation with ABX. Images were taken using a 

Cytation 5 plate reader at 4x magnification. Calcein-AM fluorescence was detected with a green 

fluorescence protein fluorescence filter, and ethidium homodimer-1 fluorescence was detected 

with a Texas Red fluorescence filter. All scale bars represent 200 𝜇m. 

 



 
 

220 
 
 
 

   
Figure S4.9. Tumor spheroids post-incubation with seed nanofibers loaded with 20 wt % PTX. 

Green fluorescence from calcein-AM measures live cells, and red fluorescence from ethidium 

homodimer-1 measures dead cells. All scale bars represent 200 µm. 
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Chapter 5  

 

Extending the Scope of Antibacterial Activity of One-dimensional 

Crystalline-core Nanofibers for Overcoming Antibacterial Resistance 

 

This chapter contains as of yet unpublished results. 

 

Contributions: 

Hayley Parkin conceived the project and carried out the experiments. Dr. Juan Diego Garcia-

Hernandez provided the PFTMC-b-PEG and PFTMC-b-PNIPAM unimer solutions. Hayley 

Parkin wrote and edited the manuscript.  
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5.1 Abstract 

The need for new antibacterial materials with general mechanisms of action is increasing year over 

year, as antibiotic resistance continues to rise. Self-assembled polymer nanoparticles have recently 

been demonstrated as promising alternatives to antibiotics due to possessing both intrinsic 

antibacterial activity, as well as strong capabilities as drug-delivery vehicles. In this work, we 

explore 1-dimensional nanofibers prepared via living crystallization-driven self-assembly, derived 

from the block copolymer poly(fluorenetrimethylenecarbonate)-block-

poly(dimethylaminomethacrylate), as antibacterial agents and a drug-delivery system against 

Staphylococcus epidermidis 12228. The demonstrated antibacterial activity is high, with minimum 

inhibitory concentrations obtained between 13 - 6 µg/mL. Upon loading with 20wt% 

erythromycin, the MIC decreased from 13 µg/mL to 3 µg/mL. Furthermore, we investigate the 

growth inhibition of Burkholderia vietnamiensis BAA-248, a bacterial strain which possesses 

resistance against cationic antimicrobial peptides, upon incubation with nanofibers containing both 

cationic and neutral coronal blocks. We demonstrate that those containing cationic coronas are 

more effective at inhibiting bacterial growth, and that a synergy occurs upon co-incubation with 

the antimicrobial peptide polymyxin B. This study demonstrates that block copolymer nanofibers 

containing a crystalline core-forming block and a cationic corona-forming block possess 

antibacterial activity against multiple strains of bacteria, and have the potential to be potent against 

gram positive bacteria. Furthermore, the results demonstrate that nanofibers are promising 

treatments for permeabilizing the bacterial membrane, allowing the entry of additional therapeutics 

into the bacterium, and an enhanced effect to be obtained. 
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5.2 Introduction 

Infectious diseases caused by pathogenic strains of bacteria are a major cause of death worldwide. 

Soon after the discovery of penicillin in 1928, it was noted that certain organisms were able to 

survive despite living in high concentrations of the therapeutic.1,2 This phenomenon is now 

recognized as antibiotic resistance. It has since been discovered that many bacteria contain inherent 

resistance to many common antibacterial treatments due to constitutive exposure to the compounds 

in their natural habitat.3–5 Furthermore, the genes that grant the resistance of one bacterium to an 

antibacterial mechanism of action can be transferred to other organisms through horizontal gene 

transfer.6 Finally, due to the high replication rate of many bacterial strains, opportunistic mutations 

that grant resistance quickly take hold in the genome of the bacteria, allowing favourable survival 

of resistant organisms, otherwise known as natural selection.7,8 Treatments with more general 

mechanisms of action that target an unmodifiable feature of bacteria are thus highly desirable, as 

resistance should be much more difficult to acquire.     

 

Antimicrobial peptides (AMPs) fill this need. AMPs are naturally produced by microorganisms 

for their own protection and can be isolated and employed as novel antibacterial treatments.9,10 

More potent AMPs have also been synthesized through careful modification of the active-site 

residues.11–13 Importantly, AMPs commonly show synergy (activity higher than the sum of the 

individual components) with more specific antibiotics, and this is largely due to their mechanism 

of action.9,14 Pioneering work in the field has demonstrated several mechanisms of action of AMPs 

exist, but most commonly cationic residues within the AMP allow for general targeting of the 

anionic bacterial cell membrane.15–17 Upon successful adherence to the membrane, hydrophobic 

residues then insert themselves into the membrane, causing physical disruption of the membrane 
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integrity. This process is known as self-promoted uptake.18–20 Other mechanisms of action include 

the “carpet model” and the “aggregate channel model”.15 Overall, AMPs represent a major step-

forward in the discovery of a new-generation of treatments for fighting significant bacterial 

infections that cannot be targeted with small-molecule antibiotics. However, issues in their 

employment still remain. As they are naturally produced by microorganisms, they can also be 

naturally degraded by proteases found in mammalian cells.21,22 These enzymes will cleave the 

peptide backbone, degrading the AMP to a state where it is no longer functional. Additionally, the 

production of new AMPs is costly, as the synthesis and modification of sequence defined peptides 

is laborious and challenging.  Therefore, the development of materials that possess a similar broad-

spectrum mechanism of action to that of AMPs but avoid deleterious enzymatic degradation is of 

utmost importance.4 Additionally, if these treatments can showcase a synergy with small-molecule 

antibiotics or AMPs that allows for increased potency in a reduced concentration of therapeutic, 

the multi-mode mechanisms of action should be exceptionally difficult for bacteria to overcome.4  

 

Several organisms have been discovered that are not susceptible to the action of AMPs, especially 

when they contain more neutral and more rigid membranes.23–28 One major class of resistant 

organisms is a group known as the Burkholderia cepacia complex. Normally, these organisms are 

found in the soil where they are constitutively exposed to small amounts of AMPs excreted by 

surrounding bacteria and fungi.26 These bacteria, known for causing opportunistic infections in 

patients with cystic fibrosis, possess incredibly rigid and more neutral membranes which hinders 

targeting by cationic AMPs.58–61 Additionally, their over expression of efflux pumps results in 

efficient transport of antibiotics out of the cell. Together, these characteristics result in incredible 

challenges in treatment. For example, their growth has been observed using penicillin as the sole 
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carbon source. Furthermore, these bacteria are able to survive in solutions of pure chlorohexidine, 

a commonly employed disinfectant. Thus, identification of materials which can overcome these 

barriers is also of great interest, as these would be truly beneficial for overcoming even the severest 

forms of antibiotic resistance.  

 

Polymer nanomaterials are garnering intense attention as novel antibacterial treatments for these 

reasons. Commonly, polymer materials are synthesized to contain quaternized or partially 

protonated pendant amines which are hypothesized to target the anionic bacterial membrane, 

similarly to AMPs.29–40 These targeting groups are easily installed along the polymer backbone 

and allow for general targeting of several strains of bacteria. Recently, the benefits of employing 

self-assembled block copolymer (BCP) nanoparticles for antibacterial activity have been 

elucidated. In particular, it has been identified that anisotropic nanoparticles possess higher 

inherent antibacterial activity than isotropic nanospheres.39–43 These nanoparticle morphologies 

are traditionally more difficult to access through self-assembly, but a process known as living 

crystallization-driven self-assembly (CDSA) helps overcome this challenge. The distinguishing 

feature of this process is the use of a crystallizable solvophobic core-forming block in the BCP.44,45 

Upon the introduction of a solvent selective for the solvophilic corona-forming block, random 

crystallization of the core-forming block occurs, generating disperse yet morphologically pure 

nanoparticles.44,45 This crystallization favours the formation of low interfacial-curvature structures 

such as 1D nanofibers and 2D nanoplatelets.46,47 As these nanoparticles possess crystalline cores, 

they can be fractured under physical stress, such as sonication.48 If the solution is sonicated for a 

sufficient period of time, very small nanoparticles (ca. 25 – 40 nm) are generated, known as 

seeds.48 These seeds retain termini that behave as nuclei for further epitaxial growth upon the 
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addition of further dissolved polymer (unimer).44,45 As the rate of elongation is roughly equal for 

all seeds, the result is length or size-controlled 1D nanofibers or 2D nanoplatelets, where the size 

is directly dependent on unimer to seed mass ratio. Thus, the generation of highly size-controlled 

and morphologically pure nanoparticles is possible.49–55  

 

A key feature of the nanoparticles fabricated from living CDSA is the presence of a crystalline 

core. Recently, it has been elucidated that the presence of the rigid core is crucial for mediating 

antibacterial activity. For example, our group was able to determine that long 1D nanofibers (ca. 

500 nm), derived from the BCP poly(fluorenetrimethylenecarbonate)-block-poly(dimethylamino 

methacrylate) (PFTMC-b-PDMAEMA) are able to intercalate the bacterial membrane of gram-

negative Escherichia coli (E. coli), and that in addition, long nanofibers can penetrate the 

membrane of multiple bacteria simultaneously.42 This correlated to increased membrane damage 

and bacterial cell death upon incubation with long nanofibers over amorphous-core nanospheres 

of identical composition. Interestingly, enhanced membrane damage was demonstrated for all 

other nanofiber lengths tested (ca. 25 nm seeds and 100 nm nanofibers), showcasing that the 

crystalline-core is crucial for imparting membrane damage. Additionally, we demonstrated that 

both the 1D nanofibers and amorphous-core nanospheres displayed synergy with tetracycline, but 

that this synergy was particularly enhanced when nanoparticles with smaller dimensions were 

employed.42 Therefore, 1D nanofibers containing a rigid crystalline core are very promising 

alternatives to traditional small-molecule antibiotics which possess a similar mechanism of action 

to AMPs and display antibiotic synergy, yet are more resistant to degradation. However, this 

mechanism was only elucidated against gram-negative E. coli and thus information about the 
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spectrum of activity is currently unknown. Furthermore, the ability of 1D nanofibers to target 

bacteria that are resistant to the activity of AMPs was of great interest for exploration.  

 

Herein, we expand the spectrum of activity of antibacterial PFTMC-b-PDMAEMA 1D nanofibers 

by investigating their activity against gram-positive Staphylococcus epidermidis 12228 (S. epi). 

Employing our previously reported drug-loading procedure,56,57 we also investigate the selective 

enhancement in antibacterial activity against S. epi upon loading of tetracyline and erythromycin. 

We also determine the antibacterial activity of 1D nanofibers and amorphous-core nanospheres 

against an extremely resistant strain of bacteria Burkholderia vietnamiensis BAA-248 (B. 

vietnamiensis) and investigate the nanoparticle ability to sensitize the bacteria to the more 

commonly employed AMP, polymyxin B.62–65 Finally, we explore the effect coronal-chemistry on 

the targeting ability of nanoparticles against B. vietnamiensis. 

 

5.3 Results 

5.3.1 Synthesis of PFTMC-based polymers and living CDSA into controlled 

nanoparticles 

5.3.1.1 Synthesis and living CDSA of PFTMC26-b-PDMAEMA424 and 

PFTMC20-b-PDMAEMA300  

The synthesis and purification of PFTMC26-b-PDMAEMA424 (P1) has been previously 

reported.42,66 Further polymer was required for conducting the antibacterial assays against B. 

vietnamiensis and thus PFTMC20-b-PDMAEMA300 (P2) was also synthesized according to 

previously published procedures.67–69 The PFTMC core-forming block was generated through 

ring-opening polymerization of the respective ring-closed monomer, using a reversible-addition 
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fragmentation-chain transfer (RAFT) agent as the initiator (Scheme S5.1).70 The degrees of 

polymerization were determined through 1H NMR spectrometry and matrix-assisted laser 

desorption/ionization mass spectrometry. The PDMAEMA corona-forming block was integrated 

through controlled RAFT polymerization (Scheme S5.1, Figure S5.1). Final degrees of 

polymerization of the PDMAEMA were determined through relative 1H NMR integrations of the 

PDMAEMA protons relative to those found in the aromatic rings of the PFTMC core. Purification 

of P2 was performed through an updated procedure, which involved simple vacuum filtration of 

the dissolved polymer through basic alumina (Figure S5.1). Full details can be found in the 

supplementary information.  

 

Living CDSA was performed on both BCPs to yield length-controlled 1D nanofibers or 

nanospheres (Figure 5.1A). P1 was employed for all testing against S. epi, whereas P2 was 

employed for all experiments involving B. vietnamiensis. No significant trend in antibacterial 

activity governed by differences in core or corona-forming block degrees of polymerization has 

been identifiable.41,42 The self-assembly procedure for both polymers was identical. Unimer 

solution (20 mg/mL in tetrahydrofuran) was added into the selective solvent ethanol in a volume 

ratio of 1:4 v/v. The mixture (1 mg/mL polymer) was heated to 70° C for 2 h, and allowed to cool 

to 22° C overnight. For both polymers, this generated length-disperse morphologically pure 1D 

nanofibers (Figure 5.1A). The long nanofibers were then sonicated for 3 h at 10° C to yield short 

seed nanofibers (ca. 25 nm) (Figure 5.1B). Various amounts of unimer solution (20 mg/mL 

tetrahydrofuran) was added to the seed solution to give length-controlled and morphologically pure 

nanofibers, which were subsequently transferred into water by solvent addition-evaporation.  
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In the case of P1 final nanofibers employed were of length (Ln) 109 nm (ĐL = 1.07), and 483 nm 

(ĐL = 1.10), as determined by transmission electron microscopy (TEM) (Figure 5.1B). Seed 

nanofibers of length 23 nm (ĐL = 1.05) were also evaluated. Nanospheres (core diameter (dcore) = 

16 nm, ĐL = 1.03, Figure S5.2) were assembled through the direct addition of unimer solution into 

water to give nanospheres at a final concentration of 1 mg/mL. Nanofibers generated from P2 were 

of final lengths 141 nm (ĐL = 1.07) and 557 nm (ĐL = 1.02), as well as nanoseeds of length 25 nm 

(ĐL = 1.15) (Figure S5.2). Nanospheres were also assembled with a final dcore of 10 nm (ĐL = 1.05) 

(Figure S5.2).  
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Figure 5.1. General schematic of the living CDSA process to generate length-controlled 

nanofibers with representative TEM micrographs of the nanofibers used in this work shown below. 

(A) The structure of the BCP PFTMCm-b-PDMAEMAn used to generate 1D nanofibers evaluated 

for antibacterial activity against S. epi and B. vietnamiensis. The crystalline-core disperse 

nanofibers are sonicated to yield seeds, which then grow upon the addition of further dissolved 

polymer. (B) TEM micrographs of PFTMC26-b-PDMAEMA424 seed nanofibers (25 nm) upon 

addition of unimer solution to yield 103 nm nanofibers and 547 nm nanofibers. Each image below 

represents the same nanofiber sample upon transfer into water, yielding nanofibers of length 23 

CDSA

Selective 
solvent

Disperse fibers

Sonication

Seeds

Living 
CDSA

Unimer

Low dispersity fibers

A

B

(  )
O

Ln = 25 nm 
ĐL = 1.10
THF:EtOH

Ln = 103 nm
ĐL = 1.07
THF:EtOH

Ln = 547 nm
ĐL = 1.02
THF:EtOH

1000 nm 500 nm 500 nm

Ln = 109 nm 
ĐL = 1.07
H2O

500 nm 500 nm

Ln = 483 nm 
ĐL = 1.10
H2O

500 nm

Ln = 23 nm
ĐL = 1.05
H2O



 
 

 243 

nm, 109 nm, and 483 nm. Figure is reproduced and adapted with permission of the American 

Chemical Society and the Royal Society of Chemistry. 

5.3.1.2 Synthesis and living CDSA of PFTMC18-b-PNIPAM425 and PFTMC18-

b-PEG530 

To investigate the effect of coronal chemistry on the ability of 1D nanofibers to target the less 

charged B. vietnamiensis membrane, more neutral nanofibers were desired. We hypothesized that 

rather than targeting the membrane through electrostatic interactions, which could prove 

challenging as the membrane of B. vietnamiensis is not highly charged, that hydrophobic 

interactions may also be capable of promoting association. Therefore, PFTMC18-b-poly(N-

isopropylacrylamide)425 (PNIPAM) (P3) and PFTMC18-b-poly(ethylene glycol)530 (PEG) (P4) 

were also synthesized and living CDSA of the resulting polymers was performed, according to 

previously published procedures (Figure S5.2).56,57,69 P3 was synthesized through ring-opening 

polymerization followed by subsequent RAFT polymerization of the N-isopropylacrylamide 

methacrylate monomer. P4 was generated through ring-opening polymerization which instead 

utilized the methoxy-PEG itself as a macroinitiator for ring-opening. Living CDSA of P3 was 

conducted in mixtures of tetrahydrofuran and methanol at 1:4 v/v, as previously reported. 

Colloidally stable nanofibers of Ln = 241 nm (ĐL = 1.04) and 467 nm (ĐL = 1.04) were successfully 

prepared, as determined by TEM analysis (Figure S5.2). Living CDSA of P4 was performed in 

tetrahydrofuran and methanol, also at 1:4 v/v and length-controlled nanofibers of Ln = 114 nm (ĐL 

= 1.12) were generated (Figure S5.2). Full polymer characterization and nanofiber details can be 

found in the supplementary information (Table S5.1). A brief summary of the polymers and 

nanoparticles utilized in this work is given below in Table 5.1. 
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Table 5.1. Polymer composition and nanoparticle measurements upon transfer into water, 

followed by the strain of bacteria employed for antibacterial activity evaluation. 

 

5.3.2 Evaluation of nanoparticle antibacterial activity against Staphylococcus 

epidermidis 

5.3.2.1 Drug loading of tetracycline onto P1 nanofibers evaluated by dynamic 

light scattering 

To determine the versatility of 1D nanofibers to serve as antibacterial drug delivery vehicles, 

tetracycline was loaded onto 23 nm seed nanofibers, 109 nm and 483 nm nanofibers, and 16 nm 

nanospheres. Previous work by our group has demonstrated that 20 wt % is likely the maximum 

drug-loading capacity of crystalline-core nanofibers, as evidenced by dynamic light scattering 

(DLS) and flow cytometry.42 The same 109 nm nanofibers, 23 nm seed nanofibers, and 16 nm 

nanospheres, were previously loaded with 20 wt % tetracycline and the antibacterial activity was 
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evaluated against gram-negative E. coli. These combination treatments exhibited potent 

antibacterial activity, especially when nanoparticles with small dimensions (seeds, nanospheres) 

were employed. In this work, we wished to evaluate the antibacterial activity against a new strain 

of bacteria, gram-positive S. epi. One important consideration is the difference in membrane 

characteristics of gram negative and gram-positive bacteria. The former contain an additional outer 

membrane which normally reduces the permeation and potency of treatments, as it provides an 

additional barrier that needs to be surpassed.71 Therefore, we would expect the 1D nanofibers to 

be more potent antibacterials against S. epi than against E. coli. 

 

Drug-loading was performed according to the procedure previously reported.42 Nanofiber 

solutions (50 µL, 1 mg/mL, THF:EtOH) were added into a vial. Tetracycline (10 µL, 1 mg/mL, 

EtOH) was then added into the same vial. Water (100 µL) was then added by dropwise addition. 

Samples were left open to air for 48 h to afford evaporation of the organic solvents. Nanosphere 

solutions (50 µL, 1 mg/mL, H2O) were prepared by direct addition of tetracyline (10 µL, 1 mg/mL, 

EtOH), and again 100 µL of water was added, and the EtOH was allowed to evaporate. After 

evaporation, samples were gravimetrically returned to 1 mg/mL through addition of water. DLS 

was utilized to ensure no major changes in the hydrodynamic radius occurred upon addition of the 

drug tetracycline. No change in the hydrodynamic radius was observed for any sample, and 

furthermore no species representing the measured hydrodynamic radius of free tetracycline were 

observed in solution (Figure 5.2A).  
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Figure 5.2. Data obtained for non-loaded and tetracycline-loaded P1 nanoparticles. (A) Traces of 

the hydrodynamic radius of particles before and after loading 20 wt % tetracycline, relative to that 

of free tetracycline (black trace). In order from left to right is the hydrodynamic radius of 

nanospheres (light green trace), and loaded nanospheres (dark green trace), seed nanofibers (teal 

trace) and loaded seed nanofibers (dark blue trace), 109 nm nanofibers (light purple trace) and 

those loaded with 20 wt % tetracycline (dark purple trace), and finally 483 nm nanofibers (bright 

pink trace) and tetracycline-loaded 483 nm nanofibers (red trace). (B) Minimum inhibitory 

concentrations determined for pristine and tetracycline-loaded nanofibers against S. epi, with pure 

nanofibers shown in solid colour and drug-loaded nanofibers shown in patterned bars. No 

significant difference in antibacterial activity was demonstrated upon tetracycline loading, and no 

antibacterial activity was observed upon incubation of S. epi with nanospheres (Figure S5.3, S5.4). 

5.3.2.2 Evaluation of the antibacterial activity of tetracycline-loaded P1 

nanoparticles against S. epi 

Antibacterial activity was determined through monitoring of the absorbance at 600 nm (OD600) 

over the course of 4 h, according to previously reported procedures.41,42 Nanoparticles were serially 

diluted in a 96 well-plate from 100 µg/mL to 0 µg/mL, and S. epi (diluted to an OD600 of 0.6 in 

tryptic soy broth) was added into the wells. The minimum inhibitory concentration (MIC), which 
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represents the minimum amount of therapeutic required to inhibit bacterial growth, was calculated 

using GraphPad prism software.72 The MICs were first determined for non-loaded P1 

nanoparticles. Nanofibers of Ln = 109 nm displayed an MIC of 13 µg/mL (Figure 5.2B, S5.3). This 

is approximately a 2-fold increase in activity relative to that observed against E. coli (37 µg/mL).42 

483 nm nanofibers displayed an MIC of 6 µg/mL (Figure 5.2B, S5.3), representing again increased 

potency against S. epi relative to that previously observed against E. coli (17 µg/mL),41 although 

slightly different degrees of polymerization exist between the two polymers in each work. Upon 

observation of samples containing 23 nm seed nanofibers, an MIC of 34 µg/mL was determined 

(Figure 5.2B, S5.4). Finally, when nanospheres were incubated with S. epi, no significant 

antibacterial activity was demonstrated, and no MIC was determinable (Figure S5.4).  

 

We next evaluated the antibacterial activity of the same nanoparticle samples, but loaded at 20 wt 

% with tetracycline. In contrast to our previous results, the addition of tetracycline did not improve 

the antibacterial activity of any of the nanoparticles trialed and in most cases resulted in an 

increased MIC, though this difference was not statistically significant (Figure 5.2B, S5.3, S5.4). 

We determined that this lack in activity may be due to the inherent susceptibility of the bacteria to 

the selected antibiotic, as tetracycline is more commonly employed for combatting gram-negative 

bacteria. Therefore, we sought to select an antibiotic to which S. epi is more susceptible and 

determine if enhanced activity is then demonstrated. 
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5.3.3 Determination of erythromycin-loaded nanoparticle antibacterial activity 

against S. epi 

Erythromycin is a hydrophobic antibiotic to which S. epi has been previously recorded to be 

susceptible.73 Therefore, drug-loading was repeated for 109 nm P1 nanofibers, but using 20 wt % 

erythromycin instead of tetracycline. DLS evidenced that no disruption of the nanofibers occurred 

upon addition of erythromycin (Figure S5.5). Antibacterial assays were repeated over a 

concentration range of 100 µg/mL to 0 µg/mL nanofibers. After 4 h of incubation, the OD600 was 

measured. Upon calculation of the MIC, more potent antibacterial activity was observed, with an 

MIC of 3 µg/mL obtained, an approximately 4-fold increase in activity (Figure 5.3A,B). 

Importantly, no MIC was determinable for an equivalent amount of erythromycin on its own 

(Figure S5.6), demonstrating a synergy occurring between the nanofibers and the antibiotic. 

Furthermore, the MIC reported herein represents potent antibacterial activity and falls within the 

range of MICs reported for commonly prescribed antibiotics. 

 

Figure 5.3. Antibacterial activity of 109 nm P1 nanofibers loaded with erythromycin, relative to 

non-loaded and those loaded with tetracycline. (A) Bacterial growth curves plotted as the 

absorbance at 600 nm as a function of nanofiber concentration. The point of inflection of each 

curve represents the MIC for that material. The point of inflection upon loading with erythromycin 

occurs at a lower concentration than that for tetracycline-loaded and pure 109 nm nanofibers. (B) 

A B
Non-loaded

20 wt % Tetracycline

20 wt % Erythromycin
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MIC values obtained for each material plotted as a bar chart, with error bars representing the 95 % 

confidence interval for each mean value. Much more potent antibacterial activity is observed upon 

loading of erythromycin. 

5.3.4 Investigations of P2 nanoparticles against drug-resistant B. vietnamiensis 

5.3.4.1 Investigations into synergistic antibacterial action between P2 

nanoparticles with polymyxin B 

In the subsequent sections of this work, we explore the antibacterial activity of P2, P3, and P4 

nanoparticles against drug-resistant B. vietnamiensis. This genus of bacteria, Burkholderia, is 

notoriously resistant to cationic AMPs, as well as most traditional antibiotics, with concentrations 

upwards of 1 mg/mL occasionally being required to exert any antibacterial effect.61,65 Over time, 

these organisms have developed several characteristics which allow them to evade the effects of 

commonly prescribed as well as novel treatments, which include having a more neutral membrane, 

as well as increased amounts of efflux pumps which quickly excrete therapeutics from their 

interior.74–76 In human pathology, these organisms are largely found in patients who have cystic 

fibrosis, a disease characterized by large amounts of mucus in the lungs.59 Their presence results 

in infections which are extremely difficult to treat. Therefore, the development of new materials 

which either contain inherent activity against these bacteria, or are able to sensitize them to existing 

medications is highly valuable.  

 

To investigate if our cationic P2 nanoparticles were still able to target the bacterial membrane, 

despite the lack of significant negative charge, we conducted the same antibacterial assays as those 

outlined in the previous sections. P2 Nanofibers of Ln = 25 nm (seeds, ĐL = 1.15), 141 nm (ĐL = 

1.07), and 557 nm (ĐL = 1.02) were prepared via living CDSA (Figure S5.2) and evaluated for 
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antibacterial activity against B. vietnamiensis. P2 nanospheres of dcore = 10 nm (ĐL = 1.05) were 

also prepared (Figure S5.2). Additionally, we wished to determine if the presence of nanoparticles 

could enhance the activity of the cationic AMP, polymyxin B, to which B. vietnamiensis is 

resistant.25,26 This AMP functions in a similar manner to most cationic AMPS, in that association 

by electrostatic interactions occurs first, followed by insertion of hydrophobic residues into the 

membrane.63,65 Once the membrane is permeabilized, further molecules of polymyxin B can enter 

the bacterium and interrupt the synthesis of new lipopolysaccharide molecules, a process that is 

crucial for bacterial replication and membrane repair. As polymyxin B is hydrophilic, no drug-

loading was necessary, and instead the nanoparticles and polymyxin B were simply co-incubated 

with the bacteria at concentrations from 100 µg/mL to 0 µg/mL (Figure S5.7). Upon calculation 

of the MIC for P2 nanoparticles in the presence and absence of polymyxin B, no bactericidal 

antibacterial activity was observed (Figure S5.8, S5.9). Despite this, we did notice that upon 

incubation with 141 nm and 557 nm nanofibers in particular, the absorbance values at t = 0 h were 

quite high, but not much change occurred over the course of 4 h, indicating only a small increase 

in bacterial number over this time course. Thus, we decided to plot the change in absorbance at 

600 nm (or ∆ OD600) to decipher if any further information about the antibacterial activity could 

be elucidated.  

 

Upon analysis of the overall change in bacterial number, we were able to identify that 557 nm 

nanofibers inhibit the replication of B. vietnamiensis to the greatest extent (∆ OD600 = 0.16), and 

this inhibition is enhanced when polymyxin B is present (∆ OD600 = 0.05) at 100 µg/mL (Figure 

5.4), representing reasonable bacteriostatic activity. Polymyxin B (100 µg/mL) alone did not 

inhibit bacterial replication to any extent (∆ OD600 = 0.48) (Figure 5.4, S5.10). Upon incubation 
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with 50 µg/mL of 557 nm nanofibers with and without polymyxin B, the bacterial replication was 

also slowed, with ∆ OD600 = 0.28 and ∆ OD600 = 0.18 identified, respectively (Figure 5.4B). All 

nanoparticles at concentrations below 50 µg/mL did not induce any bacterial response. Nanofibers 

of Ln = 141 nm also exhibited a reasonable effect, with a ∆ OD600 = 0.16 obtained for non-loaded 

nanofibers at 100 µg/mL, and a ∆ OD600 = 0.13 obtained in the presence of polymyxin B at the 

same concentration, however, the difference is not statistically significant (Figure 5.4B). While we 

have previously determined that small nanoparticles are superior for drug-delivery to bacteria, 

neither 23 nm seed nanofibers or 10 nm nanospheres significantly inhibited the growth of B. 

vietnamiensis with or without polymyxin B (Figure 5.4C, S5.9). 

 

Figure 5.4. P2 nanoparticle antibacterial activity against B. vietnamiensis, represented in the 

change in absorbance at 600 nm at concentrations from 100 µg/mL to 0 µg/mL. (A) All data 

obtained for P2 nanospheres, seed nanofibers, 141 nm nanofibers, and 557 nm nanofibers in the 
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presence and absence of polymyxin B, as well as pure polymyxin B. (B) Data obtained of 141 nm 

and 557 nm nanofibers from the region highlighted in yellow from chart (A), with data for 

nanospheres and seed nanofibers removed. The change in absorbance is much smaller upon 

incubation with both polymyxin B and 557 nm nanofibers. (C) Data obtained upon incubation of 

nanospheres and seed nanofibers from the region highlighted in yellow in chart (A). No difference 

in absorbance is present upon incubation of nanoparticles with or without polymyxin B. 

5.3.5 Investigation of the targeting capabilities of P3 and P4 nanofibers containing 

neutral corona-forming blocks 

Finally, as the targeting displayed from the cationic P2 nanofibers was not as high as that 

previously identified against S. epi and E. coli, which contain much more anionic membranes, we 

hypothesized that perhaps the use of a neutral corona-forming block could mediate hydrophobic 

interactions between the nanoparticles and the bacteria. Therefore, P3 (containing a PNIPAM 

corona) nanofibers of Ln = 241 nm (ĐL = 1.04) and 467 nm (ĐL = 1.04) were prepared via living 

CDSA (Figure S5.2). Furthermore, P4 (PEG corona) nanofibers of Ln = 114 nm (ĐL = 1.12) were 

also evaluated (Figure S5.2). Materials were incubated with bacteria at concentrations from 100 

µg/mL to 0 µg/mL in the presence and absence of polymyxin B, and the MICs were calculated; no 

bactericidal antibacterial activity was observed (Figure S5.11). The change in absorbance was 

plotted once more. Upon observation of cultures containing P3 nanofibers, the ∆ OD600 at all 

concentrations was higher than those observed for P2 nanofibers (Figure 5.5A). However, 

differences depending on the length of the nanofibers were observable. When 100 µg/mL of 

nanofibers are present, the ∆ OD600 = 0.36 and 0.38 for 241 nm and 467 nm nanofibers, 

respectively. These values are not statistically significantly different from that recorded for free 

polymyxin B (∆ OD600 = 0.48). However, upon the co-incubation of P3 nanofibers with polymyxin 
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B, a decrease in bacterial growth is observed with the ∆ OD600 = 0.26 and 0.25 when Ln = 241 nm 

and 467 nm respectively (Figure 5.5A). The ∆ OD600 of 241 nm nanofibers in combination with 

polymyxin B remains at 0.26 down to 25 µg/mL, whereas that for 467 nm nanofibers with 

polymyxin B increases to 0.29 and 0.30 at 50 µg/mL and 25 µg/mL respectively (Figure 5.5A). 

Some fluctuations are observed at lower concentrations (< 25 µg/mL) of therapeutic, but the values 

never drop below those observed at higher concentrations (> 25 µg/mL). P4 nanofibers of Ln = 

114 nm (ĐL = 1.12) were also subjected to the same screening, however, at no concentration did 

the ∆ OD600 drop below that observed for free polymyxin B (Figure 5.5B). The results herein 

demonstrate that nanofibers containing a lower degree of positive charge could be promising for 

targeting bacteria with these characteristics, however some degree of electrostatic interaction is 

likely required for effective activity.  

 

Figure 5.5. P3 and P4 nanofiber antibacterial activity against B. vietnamiensis, graphed as the 

change in absorbance at 600 nm over 4 h. (A) P3 nanofibers of length 241 nm and 467 nm 

demonstrate no inhibition of bacterial growth alone, but hinder bacterial replication upon co-

incubation with polymyxin B at concentrations > 25 µg/mL. (B) P4 nanofibers of length 114 nm 

cause no significant decrease in bacterial growth at any of the concentrations tested, with or 

without polymyxin B. 
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5.4 Discussion 

Recently, a major focus has been placed on the development of broad spectrum antibacterials 

which either avoid the development of resistance or can help more common treatments to 

overcome mechanisms of resistance. Due to the promising results of our previous work, which 

demonstrated that 1D nanofibers possess a general mechanism of action which involves 

indiscriminate puncture of the bacterial membrane against E. coli, we wished to explore the ability 

of these materials further for specifically overcoming antibacterial resistance. First, we expanded 

the scope of the 1D nanofibers through testing their activity against gram-positive S. epi. All of 

the P1 anisotropic nanofibers displayed increased antibacterial activity against S. epi relative to 

that recorded against E. coli. This can be explained by the differences in membrane composition 

between the two types of bacteria, as gram-negative bacteria have an additional and less permeable 

outer membrane. Therefore, we can recognize that the membrane permeation mechanism is likely 

still at play against gram-positive bacteria, and that membrane disruption is more facile in these 

strains due to the presence of fewer membrane barriers. Interestingly, the nanospheres, which were 

not predicted to cause membrane damage in the same manner, did not display enhanced activity 

relative to E. coli, and thus we observe once more how the crystalline-core is crucial for imparting 

antibacterial activity. Furthermore, through the loading of both tetracycline and erythromycin, we 

demonstrate that selective enhancements in antibacterial activity can be generated through careful 

selection of the added antibiotic at the core-corona interface. For example, seed nanofibers loaded 

with tetracycline would inhibit E. coli growth at approximately 4 µg/mL, whereas at this 

concentration S. epi would remain unaffected. If however an infection was caused by S. epi, 

erythromycin could be loaded onto the seed nanofibers to exert an effect. Therefore, the drug-

loading procedure can be performed identically regardless of the therapeutic selected, and this can 
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mediate differences in the observed antibacterial activity. We next determined the ability of P2, 

P3, and P4 nanofibers to target the drug-resistant bacteria B. vietnamiensis. It is important to note 

that none of the nanofibers or nanospheres evaluated against this strain, over the concentration 

range, inhibited the bacterial growth enough to calculate an MIC. Some insight was provided by 

monitoring the overall change in bacterial growth from t = 0 to t = 4. When P2 nanofibers were 

employed, both 109 nm and 483 nm from 100 – 50 µg/mL, the bacterial growth was significantly 

hindered upon co-incubation with polymyxin B. Interestingly, the 483 nm nanofibers exhibited the 

highest overall effect. We postulate that this could be due to each nanoparticle containing a higher 

amount of charged groups, and thus, as targeting the bacterium is more difficult, this could be 

advantageous. It is also possible that in alignment with our previous results, the longer nanofibers 

better intercalate the membrane upon interaction, allowing increased entry of polymyxin B, 

resulting in slowed replication. Considering the complete resistance to polymyxin B historically 

demonstrated by B. vietnamiensis, the results presented herein highlight that the physical action of 

the nanofibers is incredibly promising for overcoming antibacterial resistance, as synergy is 

displayed when none would be expected. While no MIC is calculable, it is important to note that 

the experiments were performed using a bacterial concentration of 5.0 × 108 colony forming 

units/mL, which is a substantially high concentration relative to standard tests, but is consistent 

with our previous publications.  Therefore, the ability of the 1D nanofibers to sensitize such an 

incredibly resistant bacteria to a compound with no solo effect, at relatively low therapeutic 

concentrations, shows great promise for overcoming both mild and severe antibacterial resistance. 

We were also interested in determining if less highly charged nanofibers or neutral nanofibers 

could cause increased association with the more neutral bacteria. P3 nanofibers displayed some 

level of targeting, although this was not as significant as observed for P2 nanofibers. For these P3 
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nanofibers, it appeared that shorter 241 nm nanofibers outperformed the 467 nm nanofibers. This 

may be because when the polymers are at a given concentration, there are more 241 nm nanofibers 

than 467 nm nanofibers present in solution. If no significant targeting is occurring then the 

increased chance of a 241 nm nanofiber encountering a bacterium in solution could lead to this 

increased effect. Finally, we were able to determine that P4 nanofibers displayed no antibacterial 

activity, which was also observed against E. coli. Therefore, regardless of membrane composition, 

PEG-based nanofibers are not useful for targeting bacterial membranes. In summary, we can 

conclude that cationic functional groups are the most effective currently for targeting the bacterial 

cell membrane, and that longer nanofibers are the most promising for use in overcoming 

antibacterial resistance.  

 

5.5 Conclusion 

In this article, we present exploratory work meant to expand the knowledge surrounding the 

versatility of 1D nanofibers for overcoming antibacterial resistance. The scope of antibacterial 

activity of nanofibers containing a cationic corona is demonstrated to also include S. epi and should 

be applicable to other gram-positive bacteria. We also highlight the ability of the nanofibers to 

permeabilize the membrane of the very drug-resistant organism B. vietnamiensis. While further 

work is required to increase the potency and synergy of the combination treatment containing 1D 

nanofiber and polymyxin B, we demonstrate that bacterial growth is inhibited, especially upon 

incubation with 483 nm cationic nanofibers and polymyxin B. Finally, this confirms the 

mechanism of action of 1D nanofibers is general and physical, and that anisotropic crystalline-

core nanofibers possess significant advantages for antibacterial treatment over isotropic 

nanosphere equivalents.  
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5.6 Supporting Information 

5.6.1 General considerations 

The synthesis and characterization of PFTMC26-b-PDMAEMA424 have been previously reported 

by Street et al. and Parkin et al.42,66 PFTMC20-b-PDMAEMA300 was synthesized according to 

previously published procedures.42,66,69 The synthesis and characterization of PFTMC18-b-PEG530 

and PFTMC18-b-PNIPAM425 have been previously reported by Garcia-Hernandez et al.56 The 

PFTMC homopolymer degree of polymerization was determined by matrix-assisted laser 

desorption/ionization mass spectrometry and the coronal-block degree of polymerization was 

determined by integrations of coronal block peaks in 1H NMR relative to peaks of the PFTMC 

block. RAFT-CTA was dried via vacuum desiccation over phosphorus pentoxide prior to use. 

Methoxy PEG was purchased from Polymer Source (Montreal, Canada). All other reagents and 

solvents were purchased from Sigma-Aldrich (Canada), Combi-Blocks (USA), VWR (Canada), 

or Fisher Scientific (Canada) and used without further purification. Solvents for self-assembly 

were HPLC grade and were filtered through PTFE, nylon, or cellulose filters with a pore size of 

200 nm before use. All reactions were carried out in an MBraun 200B glove box under a nitrogen 

atmosphere or using standard Schlenk line techniques. RAFT polymerizations were performed in 

custom-made Schlenk-vials to fit dry heating blocks. 1,8 Diazabicyclo[5.4.0]undec-7-ene (DBU) 

was dried over CaH2, and purified by distillation under reduced pressure. Anhydrous solvents 

were dried and purified using an MBraun Grubbs/Dow solvent purification system. 

5.6.2 Instrumentation 

Gel permeation chromatography (GPC) 

Gel permeation chromatograms were acquired on a Malvern OMNISEC triple-detector (refractive 

index, UV-Vis photodiode detector, light scattering detector and viscometer) chromatograph. 

Prepared samples were of 1 mg/mL concentration in HPLC grade THF, and were filtered through 

a PTFE filter with a 200 nm pore size prior to measurement. The eluent used was 

Triethylamine/THF (1 % v/v) at a flow rate of 1 mL/min. Two columns were employed, the first 

of grade T3000 and the second of grade T5000, operated at 35 °C. Universal calibration was 

constructed using a polystyrene standard. Samples were prepared at 1 mg/mL in eluent and filtered 

through a PTFE membrane filter, pore size = 200 nm. 
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Preparatory Gel permeation chromatography (Prep GPC)  

Preparatory gel permeation chromatography was performed on a Shimadzu Prep GPC equipped 

with a CBM-20A communications bus module, LC-20AP solvent delivery unit, SIL-10AP 

autosampler, CTO-40C column oven, SPD-40 UV-Vis detector, RID-20A refractive index 

detector, and FRC-10A fraction collector. An initial injection of polymer in THF (1 mL, 10 

mg/mL) at a flow rate of 3 mL/min using HPLC grade THF as eluent was used to gather the 

retention times of the species in solution. Using this data, the fraction collector was calibrated to 

separate the desired peaks into separate vials. Subsequent injections (3 mL, 10 mg/mL, 3 mL/min) 

were repeated until the desired volume was collected. The resulting solutions were concentrated 

in vacuo to yield the final polymer. 

Ultrasonication 

Micelle sonication was carried out using a Fisherbrand 112xx series advanced ultrasonic cleaner 

(FB-11203), operated in sweep mode at 80 % power and 37 MHz at 10 °C. 

Matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF 

MS) 

MALDI-TOF MS measurements performed using a Bruker Ultraflextreme running in linear mode. 

Samples were prepared using a trans-2-[3-(4-tert-butylphenyl)-2-methyl-2- 

propenylidene]malononitrile matrix (20 mg/mL in THF) and the polymer sample (2 mg/mL in 

THF), mixed in a 10:1 (v/v) ratio. Approximately 3 μL of the mixed solution was deposited onto 

a stainless-steel sample plate and allowed to air dry. 

Transmission electron microscopy (TEM) 

TEM images were obtained on a JEOL 1011 microscope equipped with an 11 Megapixel CCD 

camera, operated at 80 kV. Nanoparticle solutions (1.5 µL, 1 mg/mL) were drop-casted onto a 

carbon-coated copper grid. Uranyl acetate solution (8 µL) in EtOH (3 wt %) was subsequently 

drop-casted on top, and the grids were left to dry overnight. Copper grids (400 mesh) were 

purchased from Ted Pella. Carbon films (ca. 6 nm) were prepared by carbon sputtering mica sheets 

with a Leica ACE 600 carbon coater. The carbon films were deposited onto copper grids via 

floatation on water and the grids were allowed air dry. 

For micelle length analysis, a minimum of 200 nanofibers were traced manually using the FIJI 

software package. The number average micelle length (Ln) or width (Wn) and weight average 

micelle length (Lw) were calculated using eq. S1-2 from the individual contour lengths (Li) of the 
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micelles. Here, Ni is the number of micelles of length Li, and n is the number of micelles examined 

in each sample. The distribution of micelle lengths is characterized by Đ = Lw/Ln. 
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Dynamic Light Scattering (DLS) Measurements 

Dynamic light scattering (DLS) experiments were carried out using a Malvern Zetasizer Pro. 

Aqueous samples for DLS were prepared at 50 𝜇L of 1 mg/mL. The correlation function was 

acquired in real-time and analysed by Cumulant analysis. This process allowed the diffusion 

coefficients for the nanoparticles to be determined. These were expressed as the effective 

hydrodynamic radius (Rh) using the Stokes-Einstein relationship for coated spheres in water 

(Refractive Index = 1.33, Dispersant Viscosity = 0.887, Dispersant Dielectric Constant = 78.5) 

with core properties of polystyrene latex (Refractive Index = 1.590, Absorption = 0.010).  

5.6.3 Synthetic Procedures 

Synthesis of PFTMC20-b-PDMAEMA300 

Scheme S5.1. Ring-opening polymerization (ROP) of FTMC monomer followed by reversible 

addition-fragmentation chain-transfer (RAFT) polymerization to yield PFTMC20-b-

PDMAEMA300 

 

To a solution of 2-cyano-5-hydroxypentan-2-yl ethyl trithiocarbonate in anhydrous CH2Cl2 (500 

μL, 100 mg/mL, 0.2 mmol, 1.0 eq), DBU (24 μL, 24.4 mg, 0.16 mmol, 0.8 eq) was added in an 

oven-dried round bottom flask equipped with a magnetic stirring bar. To the stirring solution, 
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FTMC (1.01 g, 4.0 mmol, 20 eq) in anhydrous CH2Cl2 (6 mL) was added, and the reaction mixture 

was stirred at room temperature for 1 h, before the reaction mixture was quenched by the addition 

of benzoic acid (100 mg). The crude product was purified by precipitation into ice-cold diethyl 

ether three times, followed by precipitation into ice-cold MeOH three times, and drying in vacuo 

to yield PFTMC20-CTA as a yellow solid (872 mg g, 82 %).  

 

GPC: Mn = 3,300, ĐM = 1.14. 

PFTMC20-CTA (60 mg, 0.011 mmol, 1 eq), Dimethylaminoethylmethacrylate (520.7 mg, 3.3 

mmol, 300 eq),and AIBN (0.544 mg, 0.003 mmol, 0.3 eq) were dissolved in dioxane (4 mL) in a 

custom-made schlenk-vial followed by four freeze-pump-thaw cycles. The vial with the reaction 

mixture was placed in a preheated dry heating block and heated to 70 °C, and stirred under N2 for 

18 h. The reaction was quenched by submersion in liquid nitrogen. The product was precipitated 

once in ice-cold diethyl ether, and two subsequent times into ice-cold hexanes. The product was 

dried in vacuo to yield PFTMC-b-PDMAEMA as a white crystalline solid. GPC analysis indicated 

the presence of a small amount of water-initiated PFTMC homopolymer (as evidenced by a lower 

Mw shoulder with increased absorbance at 268 nm via UV/Vis). Water-initiated PFTMC 

homopolymer cannot subsequently polymerize other monomers via RAFT polymerization. The 

PFTMC homopolymer was removed via alumina filtration (flushed with CH2Cl2 to elute the 

diblock copolymer). The resulting polymer was dried and precipitated in ice-cold hexanes to yield 

PFTMC20-b-PDMAEMA300 as a white crystalline solid (30 mg). 

 

GPC: Mn = 17,200, ĐM = 1.8. This value is likely overestimated due to GPC column absorption 

effects. 

5.6.4 Self-Assembly Procedures 

The composition of all solvent mixtures is given as v:v. All nanofibers were ultimately transferred 

into Milli-Q® water via a modified procedure of the preformed-nanoparticle solvent-switch 

loading (PNSL) method as reported by Garcia-Hernandez et al.56 Modifications include slow drop-

wise addition of water from a micropipette, followed by organic solvent evaporation over the 

course of 2 days. No filtration through a syringe filter was performed. Exact self-assembly 

procedures for PFTMC26-b-PDMAEMA424 can be found in reference 42, while those for 

PFTMC18-b-PDMAEMA425 and PFTMC18-b-PEG530 can be found in reference 56. 
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General self-nucleation procedure 

A solution of diBCP dissolved in THF (unimer) (20 mg/mL – 200 mg/mL) was diluted with an 

appropriate amount of THF. Subsequently, unimer solution was slowly added via a micropipette 

into a selective solvent (EtOH) to yield solutions which had final diBCP concentrations between 

1 mg/mL – 10 mg/mL with 20:80 THF:EtOH solvent ratios. Each solution was manually shaken 

for ~10 s, agitated using a vortex mixer for ~10 s, and heated to 70 °C for 3 h. The resulting length-

disperse nanofibers were analyzed via TEM. 

General preparation of seed nanofibers 

Length disperse nanofibers (1 mg/mL – 10 mg/mL, 20:80 THF:EtOH) were sonicated for at least 

3 h using a Fisherbrand 112xx series advanced ultrasonic cleaner (FB-11203) for 3 h at 10 °C in 

sweep mode at 37 MHz and 80% power.  The resulting seed nanofibers were analyzed by TEM. 

General preparation of length-controlled nanofibers 

To a diluted seed solution (MeOH or EtOH, 0.6 – 1 mg/mL), unimer (10 – 20 mg/mL in THF) was 

added depending on the desired munimer/mseed (e.g. if seed length is 25 nm, and 100 nm nanofibers 

desired, 3 equivalents of unimer would be added). The self-assembly solution was manually 

shaken for ~15 s after each addition, and then aged either for 48 h at 20 °C, or for 2 h at 70 ˚C and 

cooled to 20 °C overnight. The resulting nanofibers were analyzed by TEM. 

5.6.5 Bacterial Culture and Assays 

All bacteria work was performed in a biological safety cabinet using sterile technique. All 

materials were autoclaved and disinfected with 70 % ethanol prior to being placed in the biological 

safety cabinet. Clear, sterile, 96-well plates were purchased from Corning. Lysogeny broth (LB) 

was used for streak plates and liquid culturing of Burkholderia vietnamiensis (B.  vietnamiensis) 

BAA-248. Tryptic Soy broth (TSB) was used for culturing of Staphylococcus epidermidis (S. epi) 

12228. The buffer was prepared by weighing out (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid) (HEPES) into a glass bottle, filling with distilled water, autoclaving, and balancing to pH 

7.4. Minimum inhibitory concentration (MIC) curves were fitted using GraphPad Prism and the 

Lambert and Pearson method.72 The procedure was previously reported by Parkin et al.41,42  

Preparation of bacteria for assays 

From a stock solution of bacteria that was kept at -80 °C (50 % glycerol, 50 % culture in broth), a 

single loop was used to make a streak plate (LB or TSB agar). These plates were placed in an 

incubator at 37 °C for 24 h. This was repeated. From these initial streak plates, a second 
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propagation was performed. A disposable loop was used to select one colony from each, and 

streaked onto another plate, respectively. The new plates were incubated at 37 °C for 24 h. 

Subsequently, they were moved into a 4 °C fridge. To grow a liquid culture, a single colony was 

selected from a plate using a disposable loop. This was placed in 5 mL of LB or TSB contained in 

a 15 mL Falcon tube. The loop was swirled in the broth until the colony was visibly deposited in 

the broth. The falcon tube was placed in an incubator at 37 °C with orbital shaking at 200 rpm. 

The culture was allowed to grow for 24 h. From the initial culture, 25 µL of solution was taken 

and added to a second 15 mL falcon tube containing 5 mL of broth. This new culture was placed 

in an incubator at 37 °C with orbital shaking at 200 rpm for 24 h. 

Plating of bacteria and nanofibers determining the minimum inhibitory concentration 

Liquid bacterial cultures were diluted in respective broth to a maximum volume of 3 mL and to an 

absorbance of 0.600 using an OD meter and a polystyrene cuvette. Once the appropriate dilutions 

were determined, they were performed on a larger scale to give at least 5 mL of bacterial 

suspension in a sterile reservoir. 10 mL of 40 mM HEPES buffer was added to a separate sterile 

reservoir. Using a multichannel pipette, 50 µL of buffer was added to each well, excluding the 

third column. The first row (A1-12) and the last row (H1-12) were topped up to 100 µL of buffer 

to be used as blanks and to prevent evaporation. The first column was also used as a buffer blank. 

To three wells in the third column (B3, C3, D3) 20 µL of 1 mg/mL material to be tested was added, 

and 20 µL of 1 mg/mL of a second material to be tested was added to the next three (E3, F3, G3). 

Each of these wells was then diluted with 80 µL of buffer solution. From the third column, 50 µL 

was taken from each well using a multichannel pipette and placed into the next column in order to 

dilute the material in half. This was repeated until the full plate was serially diluted to 0.2 µg/mL. 

Each time, the material was pipetted up and down three times to ensure proper mixing. Diluted 

bacterial suspension (50 µL) was added into each well, including the second column as a control 

(HEPES, broth, and bacteria). Therefore, the final volume in each well was 100 µL.  

Cytation 5 plate reading for kinetic assays 

Absorbance measurements (100 µL of sample per well) were obtained with the Biotek Cytation 5 

multimode plate reader and were conducted at 37 °C in a Corning 96-well plate (clear plates, with 

the lid). The samples were excited at 600 nm and the absorbance values were recorded. Two 

readings were taken, 10 minutes apart. The reading at 10 minutes was used over the reading at 0 

minutes as the blanks were consistent at this time point. After the 10-minute reading, the 96-well 
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plate was placed back in an incubator for 4 h at 37 °C with orbital shaking at 200 rpm. The 

absorbance of each well plate at 600 nm was recorded again after 4 h. 

5.6.6. Supplementary Tables 

Table S5.1. Polymers used in this work for antibacterial investigations of nanofibers formed via 

living CDSA. Data reproduced with permission from the Royal Society of Chemistry.56,66 and from 

the American Chemical Society.42 

 

  

DPn MALDI-

TOF
DPn NMRĐM GPC

Mw (g/mol) 

GPC

Mn (g/mol) 

GPC
Polymer

m = 26
m = 26

n = 4241.16102,10087,900
PFTMCm-b-

PDMAEMAn

-
m = 20

o = 3001.831,25017,184
PFTMCm-b-

PDMAEMAo

p = 18
p = 18

q = 425 
1.7655,90031,800PFTMCp-b-PNIPAMq

p = 18
p = 18

r = 5301.1430,30026,600PFTMCp-b-PEGr
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5.6.7. Supplementary Figures 

 

Figure S5.1. GPC chromatograph of PFTMC20-b-PDMAEMA300 before (black trace) and after 

purification (red trace). Each sample consisted of 100 uL of 1 mg/mL BCP in HPLC grade THF, 

filtered through a 0.2 µm syringe filter. 
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Figure S5.2. TEM micrographs of nanoparticles used in this work. (A) PFTMC20-b-

PDMAEMA300 length-controlled nanofibers and morphologically pure nanospheres. (B) 
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PFTMC18-b-PDMAEMA425 length-controlled nanofibers prepared via living CDSA. (C) Low 

dispersity nanofibers from PFTMC18-b-PEG530. 

 

Figure S5.3. Antibacterial growth curves of S. epi in the presence of (A) 109 nm P1 nanofibers, 

(B) 483 nm P1 nanofibers, (C) 109 nm P1 nanofibers loaded with 20 wt % tetracycline, and (D) 

483 nm P1 nanofibers loaded with 20 wt % tetracycline. No significant change in the bacterial 

growth is observed between samples containing or not containing tetracycline. 
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Figure S5.4. Bacterial growth curves of S. epi in the presence of nanofiber seeds or nanospheres. 

(A) Nanospheres, where no MIC is determinable (B) Seed nanofibers, (C) Nanospheres loaded 

with 20 wt % tetracycline, again no MIC is determinable, and (D) Seed nanofibers loaded 20 wt 

% with tetracycline. No statistically significant difference in MIC between loaded and non-loaded 

seed nanofibers was observed. 
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Figure S5.5. Hydrodynamic radius expressed by number of 109 nm P1 nanofibers without 

erythromycin (pink trace), and loaded with 20 wt % erythromycin (red trace). 

 

Figure S5.6. Bacterial growth curve of S. epi in the presence of erythromycin alone, from a 

concentration of 20 µg/mL to 0.1 µg/mL.  
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Figure S5.7. Hydrodynamic radii of P2 nanoparticles in the presence and absence of polymyxin 

B. No significant change in hydrodynamic radius is observed at any time, indicating the 

nanoparticles do not interfere with the structure of polymyxin B or vice versa. 
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Figure S5.8. Bacterial growth curves of B. vietnamiensis in the presence of (A) P2 141 nm 

nanofibers (B) 557 nm nanofibers (C) 141 nm nanofibers and polymyxin B and (D) 557 nm 

nanofibers and polymyxin B. 
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Figure S5.9. Bacterial growth curves of B. vietnamiensis in the presence of P2 nanoparticles 

including (A) Nanospheres of 10 nm core diameter (B) Seed nanofibers 25 nm in length, (C) 

Nanospheres co-incubated with polymyxin B and (D) Seed nanofibers co-incubated with 

polymyxin B. 
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Figure S5.10. Bacterial growth curve of B. vietnamiensis in the presence of polymyxin B from a 

concentration of 100 µg/mL to 0.1 µg/mL. No inhibition of growth is observed, and no MIC is 

determinable. 
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Figure S5.11. Bacterial growth curves of B. vietnamiensis with P3 and P4 nanofibers, with and 

without polymyxin B, where (A) is P3 nanofibers, (B) is P3 nanofibers (C) is P3 nanofibers with 

polymyxin B, (D) is P3 nanofibers with polymyxin B, (E) is P4 nanofibers and (F) is P4 nanofibers 

with polymyxin B. No sample caused significant bacterial death.  
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Chapter 6  

 

Conclusions 

 

6.1 Conclusions and Future Work 

The work outlined in this thesis expands on the use of 1D nanofibers for biomedical applications, 

specifically for antibacterial activity and drug delivery. Chapter 2 investigates the inherent 

antibacterial activity of 1D PFTMC-b-PDMAEMA nanofibers against E. coli, and determines that 

long nanofibers possess higher inherent antibacterial activity over nanospheres. Furthermore, the 

cationic corona was found to be essential for mediating antibacterial activity. Chapter 3 then 

explores the antibacterial mechanism of action of such 1D nanofibers relative to nanospheres 

through the use of high-resolution microscopy and flow cytometry. We determine that long 

nanofibers display enhanced targeting of the bacteria relative to other nanoparticle sizes and 

shapes, and are better able to intercalate the bacterial membrane, resulting in their higher amounts 

of membrane damage. Chapter 4 expands upon previous work detailing the delivery of nucleic 

acids to mammalian cells through targeting of the cell surface with PDMAEMA-based 1D 

nanofibers, which demonstrated that short seed nanofibers (ca. 25 nm) are the most efficient for 

cargo delivery. Therefore, the anticancer drug paclitaxel was loaded at the core-corona interface 

of 25 nm 1D nanofibers. The cell viability of glioblastoma cells was then determined in both 2D 

and 3D cell models. Importantly, while the anisotropic shape doesn’t appear to offer many 

advantages in the 2D cell model, it appears to assist in spheroid penetration in the 3D cell model 

to deliver therapeutic in high yields. Finally, chapter 5 begins exploratory work into extending the 



 
 

 286 

scope of antibacterial action of 1D nanofibers against gram-positive, and drug-resistant bacteria. 

Synergy is identified when both common antibiotics and antimicrobial peptides are co-incubated 

with nanofibers, but further work is required to improve the potency of 1D nanofibers against 

antibiotic-resistant bacterial strains such as B. vietnamiensis.  

 6.1.1 Modification of the corona-forming block for enhanced targeting and lower 

cytotoxicity 

PDMAEMA has been demonstrated to be an exceptional corona-forming block for biomedical 

applications, as the cationic charge allows for efficient targeting of both mammalian and bacterial 

cell membranes, indiscriminately. While this is ideal for examining cell uptake and delivery 

mechanisms, issues remain with the inherent toxicity associated with this functionality. For 

example, while the antibacterial activity is high, the relative toxicity against mammalian cells is 

also high. Therefore, the development of corona-forming blocks that target either mammalian cells 

or bacterial cells would be of great interest. Carbohydrate receptors on the surface of mammalian 

cells are promising candidates for selective targeting, and due to the vast range of sugars utilized 

for mammalian metabolism, a multitude of corona-forming blocks could be explored. Work has 

recently begun on the development of bioactive block copolymers with polyfructose corona, but 

other synthetic targets include polyglucose and polymannose coronas (Figure 6.1). In particular, 

glucose receptors are prevalent at the blood-brain-barrier as glucose is the sole source of energy 

utilized by the brain, and thus integration of a glucose corona could be beneficial for targeting this 

area.1,2 Due to the simplicity of the bacterial membrane, active targeting is more challenging. 

Lysine is an amino acid that is very similar in structure to PDMAEMA and that bears antibacterial 

activity, but may be more well-tolerated by mammalian cells.3 Furthermore, most amino acids can 

be integrated into block copolymers through RAFT polymerization, and thus other cationic amino 
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acids may be promising for use as corona-forming blocks.4 For example, E. coli possesses 

chemoreceptors that are bound directly by serine, and thus this may allow for nanofiber targeting 

to bacteria while diminishing off-target toxic effects.5        

 

Figure 6.1. Synthetic route to PFTMC-based polymers containing sugar corona-forming blocks. 

Steps include ROP of the PFTMC monomer with the RAFT CTA, followed by RAFT 

polymerization using a methacrylate containing a protected alkyne functional handle. A 

deprotection and click reaction could then be performed to yield the final product. 

 6.1.2 Modification of cargo-loading for enhanced activity 

While achieving more specific targeting is a major goal of future work, enhancing the activity by 

modifying the cargo delivered to the cell is also an option to reduce the effective concentration of 

the material. This is performed with antibiotics in chapters 3 and 5, and chemotherapeutics in 

chapter 4, but more options exist for such purposes. For example, in chapter 4 paclitaxel is selected 

as the loaded anticancer therapeutic; however, if paclitaxel is delivered to a healthy cell, it will still 

exert its cytotoxic effect. Loading nucleic acids, which only affect the growth of cancer cells and 

do not disturb healthy cells, is therefore a promising alternative. P53 is a gene that is disrupted in 
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about 50 % of cancer-causing cells and contributes to their uncontrolled division.6,7 Wild type p53 

regulates the cell-cycle and normally induces apoptosis when cells are unhealthy;6 therefore, if 

wild type p53 could be complexed to the nanofibers and delivered to cells in which p53 is mutated, 

this would help transiently reinstate the proper function of p53 and lead to cell death (Figure 6.2). 

This may disproportionately affect cancer cells leading to tumor shrinkage, while having lower 

cytotoxic effects on quiescent cells. For loading nucleic acid cargo to target bacteria, 

bacteriophages are potent bactericidal viruses. Their mechanism of action involves attaching to the 

bacterial membrane, followed by injection of their DNA. This then hijacks the bacteria replicative 

machinery, producing several copies of the virus internally.8,9 A limit is eventually reached where 

the bacterium is not able to withstand further virus replication, and cell lysis is triggered.10 

Therefore, bacteriophage DNA could be complexed to the nanofiber cationic corona and 

effectively delivered to the bacterium. This would be advantageous as any unwanted toxicity from 

the virus towards mammalian cells would also be limited.  
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Figure 6.2. General schematic of the p53 plasmid which can be replicated in and isolated from 

bacterial cells, followed by the process of complexing the anionic nucleic acid to the cationic 

nanofiber corona for cargo delivery. 

 6.1.3 Scale-up of nanofiber production for clinical use 

Finally, a significant challenge faced by these systems is the overall rate in which nanofibers can 

be produced. Traditional self-assembly to form polydisperse nanofibers takes place in about 1 mL 

of 1 mg/mL solution. Living CDSA is normally performed at volumes ranging from 50 µL – 1 mL 

and should not exceed concentrations of approximately 10 mg/mL, as self-nucleation can begin to 

compete with elongation. Therefore, two different processes have been investigated for scaling up 

nanofiber production: living CDSA in flow, and polymerization-induced CDSA (PI-CDSA) 

(Figure 6.3).11,12 Living CDSA in flow allows for the continuous production of nanofibers, through 

control of the polymer concentration and flow rate through the reactor.11 Initial studies by our 

group have shown promising results for the generation of uniform seed nanofibers at high 
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concentrations and volumes. However, further work is needed to extend this methodology to 

biocompatible systems, such as PFTMC-b-PDMAEMA and to generate length-controlled 

nanofibers at various unimer/seed ratios with low dispersities. PI-CDSA is another promising 

alternative which was applied to the synthesis and self-assembly of PFTMC-b-PEG, where PEG 

was utilized as a macroinitiator for ROP.12 Upon addition of seeds into the reaction mixture, 

uniform fibers are formed through epitaxial growth as the polymer reaches a critical degree of 

polymerization. Another major advantage of this process is that a reduction in homopolymer 

byproduct is formed, which is traditionally a significant challenge to remove from the block 

copolymer product. The PDMAEMA homopolymer would need to be altered to contain a terminal 

alcohol functionality. which could be used for the initiation of the ROP of the FTMC monomer, 

and an appropriate solvent system would need to be chosen that can cause the crystallization of 

the PFTMC as the degree of polymerization increases. Overall, scale-up will significantly increase 

the potential of 1D nanofibers finding success in clinical applications. 
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Figure 6.3. Two different approaches to scaled-up nanofiber production. (A) The PI-CDSA 

process is shown in contrast to traditional polymerization and subsequent living CDSA. In PI-

CDSA, the ring opening polymerization and self-assembly occur in the same flask. As the core-

forming block DPn increases, self-assembly of the core will occur. If this process takes place in 

the presence of pre-formed nanofiber seeds, the polymer will crystallize off the ends of the seeds 
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to yield morphologically pure and length-controlled nanofibers. (B) CDSA in flow is undergoing 

investigations for increased production of nanofibers. The unimer solution and selective solvent 

can be mixed in continuous flow to yield polydisperse nanofibers, which then immediately are 

sonicated. A second injection point can allow for the addition of further unimer solution to the 

seeds, generating length-controlled nanofibers at near continuous production rates and much 

higher concentrations.  

 
6.2 Outlook 

The results presented in this thesis have significantly advanced our fundamental knowledge on the 

biological properties of 1D polymer nanofibers prepared by living CDSA. The information 

obtained clearly showcases that anisotropic nanoparticles should be of great interest for biomedical 

applications, across a broad range of materials. Furthermore, we have demonstrated that 

understanding the mechanism of biological action is critical for learning how to design more active 

treatments. Finally, the work presented herein exemplifies living CDSA as a powerful tool for 

building modular nanoparticles that can be altered depending on the desired application, and 

represents a promising method for the generation of length-controlled, morphologically pure 

nanoparticles that are of increasing relevance for nanomedicine.  
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